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SUMMARY
The thesis presents details of tests carried out to assess the correla­
tion between the major mechanical properties of selected bituminous mixes 
using the Marshall, the unconfined compressive strength, and the triaxial 
compressive strength tests .
The influence of the type of aggregate on the Marshall test parameters 
has been investigated using five combinations of aggregates with contin­
uous and gap grading for tests at 60°C and 45°C.
The role of filler has been examined by preparing limestone aggregate 
mixes with a wide range of filler contents for test by the normal Marshall 
procedure,
Tests have also been carried out to investigate the effect of density 
on the unconfined compressive strength of continuously graded gravel aggre­
gate mixes, the tests being carried out at 2 in/min rate of strain and 
at 60°C.
The effect of testing rate of strain and of testing temperature was 
noted for the three types of aggregate -
The Marshall stability test and the unconfined compressive strength 
test results were obtained usingatrace recorder and the continuous results 
of lead/deformation thus obtained have been analysed in detail.
Values of cohesion and angle of internal friction have been determined 
for two types of aggregate using an" open —system" triaxial compressive 
strength test at different values of lateral pressure. The tests in this 
part of the study were limited in number of lateral pressure undertaken at 
45°C and 2 in/min rate of strain.
The review of previous work covers mix design methods and observations 
on the three mechanical tests used in the investigations carried out. 
Reference is also made to some other aspects that affect the value of the 
tests .
The experimental results obtained are discussed in detail and a number 
of conclusions are drawn regarding the significance of the tests carried 
out. In particular, the type of aggregate used is shown to have a domin­
ant effect on the properties measured.
Recommendations are given for further work with emphasis on the need to 
correlate laboratory results with practical pavement mixes,
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CHAPTER
INTRODUCTION
The recent trend in the design of transportation equipment involves 
heavier wheel loads, increased speeds and greater tyre traction and 
braking action. At the same time the increase, within recent years, in 
the volume of traffic on the highways, city streets, and airports is 
greater than in any other such period in the history of paving® These 
effects have resulted in a substantial increase in the destructive 
stresses applied to bituminous pavements.
The pavement, as a structural material, must be capable of with­
standing the effects of modern traffic by providing resistance to • «
displacement and to abrasion. It must also be durable so as to resist 
the effects of weathering and it must remain flexible so as to conform, 
without cracking, to the shape of the base under repeated loading.
Finally, for wearing course material, a high standard of skid resistance 
is required. The problem of mix design is therefore one of determining 
the most appropriate proportions of binder aggregate and filler to 
produce mixes that will perform satisfactorily.
Many mix-design methods have been developed, a common feature 
being that the design criteria are established over a period of years 
by a correlation of results obtained on laboratory specimens with the 
performance of mixes placed in service under traffic. These correlations 
have been obtained under varying backgrounds and conditions -and, clearly, 
the use of the criteria outside the scope of the established correlation, 
unless verified by test, would be unwise. Many important factors markedly 
affect the criteria applied in the various mix-design methods, for example 
aggregate gradation. The criteria, in general, have been set up for 
dense graded, hot-mix paving mixes.
In this country, the choice of mix proportions is based entirely 
upon experience and the site control of the mixes is based upon extraction 
tests to assess the accuracy of batching and mixing. In other 
countries, especially the U.S.A. reliance is placed upon the use of 
mechanical tests both in mix design and in site control. A number of 
mechanical tests have been developed, the main tests being the following:-
1. The Marshall test.
2. The Hubbard Field test.
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3. The California or Hveem test.
4« The Asphalt Institute or Smith triaxial test.
A study of the test proceduresshows that there are significant 
differencesin the various tests, thus, for example, the method of 
compaction of laboratory specimens varies from the impact,compaction 
of the Marshall specimen to the kneading compaction used on Hveem specimens. 
The temperature of testing the laboratory specimens varies from l40°F, for 
the Hveem, Marshall and Hubbard Field specimens to 75°F for the Smith 
triaxial specimens. The rate of deformation used in testing the laboratory 
specimens varies from 2.4 in./min. for the Hubbard Field specimens to a 
low value of 0.001 in./min. for the Smith triaxial specimens. In making 
voids calculations for comparing results obtained from the laboratory 
specimens, care must be taken to use the appropriate aggregate specific 
gravity. The bulk specific gravity of the aggregate is used in the 
Hubbard Field and the Smith triaxial methods. The apparent specific 
gravity of the aggregate is used in the Hveem and Marshall methods, besides 
various research laboratory use their own voids criteria.
1.1 The Marshall mix-design method
With the need for military airfields in all theatres of war, the 
U.S. Army Corps of Engineers (l) was faced in World War II, with the 
tremendous task of design and construction of those airfields. There 
was no simple testing device that could be used for design and control 
of bituminous pavements, and there was also a lack of suitable criteria 
for determining the optimum binder content for mixes subjected to large 
wheel loads of aircraft and military vehicles. The Corps sought an 
apparatus that was simple and easily portable and could be used in the 
field for control purposes. Determining a compaction method for the 
laboratory specimens so that their density values compared with those 
obtained from the field was the second phase of that investigation. The 
third stage was the establishment of satisfactory design criteria and 
control procedures. (2)
Bruce Marshall of the Mississippi State Highway Department (3), 
designed a testing machine and developed a method of pavement mi^:: idesign 
and his approach has been adopted by the Corps of Engineers.
A large scale test track (4) incorporating variables including mix 
binder content and various aggregate gradations was constructed in order 
to determine a laboratory method of compaction for specimens and to 
establish criteria on certain mix properties as evaluated by the Marshall 
device.
The effect of compaction due to traffic loads was determined by pulling 
loaded trailers over the test track a large number of times. Suitable ‘ 
criteria based upon results obtained from the Marshall test were then 
established, as follows
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Test property Type of mix Criteria
For 100 psi 
tyres
For 200 psi 
tyres
Stability All* Min. 500 lb. Min.1000 lb.
, Unit weight - Not used Not used
Flow All* Max. 20 Max. 16
Voids total 
mix %
Asphaltic - 
concrete 3-5 3-^ 5
Sand Asphalt 5-7 6 -8
Binders 4-6 5-7
Aggregate Voids 
Filled %
Asphaltic - 
concrete 7 5 -8 5
7 5 -8 2
Sand Asphalt 6 5 -7 5 6 5 -7 2
Binders 6 5 -7 5 6 5 -7 2
* Asphaltic concrete, sand asphalt and binders i.e. base course®
The use of these criteria is limited to hot-mix asphalts using 
penetration grade bitumen and containing aggregate with a maximum size 
of 1 inch or less.
Unless verified for other conditions, they are limited to mixes 
meeting the Corps of Engineers requirements for aggregate type and 
grading for each mix type. In order to find the proper balance between 
durability and stability, the Corps (2) found that the air voids in the 
total mix should be limited to between 3% and 5% (5) and that the voids 
in the aggregate filled with binder should be limited to between 73% 
and 85%-
The Marshall technique (6) (7 ) (8) (9 ) from preparation of the 
materials to the testing procedure is fully detailed elsewhere in the 
thesis. As for the mix design, it is normally the choice of the most 
economical mix which will satisfactorily meet the design criteria.
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1.2 Hubbard Field Mix design Method
In the middle 1920s they evaluated the mechanical properties
of bituminous mixes, initially for sheet asphalt, using a 2 in. diameter 
by 1 in. high specimen. The specimen is forced through a 1.75 in. 
standard orifice, at l4o°F, and an airvoids content of 2.5% of the total 
mix was specified to ensure a durable mix.
This test has not been included in the investigation reported but
certain features are of interest. The test was developed later, q. 6in.(ll)(3)diameter by 3 in. high specimen was introduced to accommodate a
larger size of aggregate. The criteria for this test are empirical in 
nature, but because of the early acceptance and use of this method, a 
wide background of field experience has been developed. Fig.%3-C (Appendix) 
shows the approaches to this method.
1.3# California, or Hveem Method of mix design
( 12 )In 1 932, Stanton and Hveem reported using the surface area of
aggregate as a criterion for determining the design binder content. This 
depends on the gradation, shape, nature and absorption capacity of the 
aggregate.
( 13 )The California method of mix design was then developed and
involved accurately measuring the surface characteristic and absorption 
capacity of the aggregate and a set of charts has been developed, which 
makes it possible to use this method for a wide range of conditions. It 
is necessary to subject the bituminous mix to a stability test, by using 
the (C.K.E.) centrifuge keroseneequivalent, as a criterion for the binder 
content equivalent to the required stability with a range of 0.5% of the
(1 5)(C.K.E.) value. A kneading compaction is used for the compaction of
the specimen, and a Hveem stabilometer for testing the 4" x 2.5" specimen,ofthe system being a typeAclosed triaxial cell. The lateral pressure induced 
by various increments of vertical load is recorded, the test taking place 
at l40°F and at 0.05 in./min. rate of strain.
The Hveem relative stability is determined from the lateral pressure 
developed at 400~psi axial pressure and Ihe same test specimen can be 
tested for eohesion using the Hveem Cohesiometer.
Although not included in the range of tests undertaken in the 
investigation reported in this thesis, the test is of considerable 
interest and is referred to later in connection with triaxial tests. 
Fig#83’3^ (Appendix) shows the approaches to this method.
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1«4« Asphalt Institute, or Smith triaxial method of mix design
It is generally realised that the effect of wheel loads tend to 
be confined by frictional forces at the surface and by support from the 
surrounding material, thus introducing a triaxial state of st^&SS 
The Smith test method is based on this behaviour and is attractive
for bituminous materials since the separate components of friction and 
cohesion can be conveniently evaluated using the Mohr circle approach.
In 1928, Love developed a theory of elasticity based on the
stress produced in a semi-infinite solid by pressure on part of the 
boundary.
In 1 94 0, Barber and Mershon developed a chart which shows the 
relationship between depth ratio (Z/R) and the stress ratio equal to the 
shear stress per unit vertical pressure on circular area and a major 
principal stress per unit vertical pressure on circular area for a 
Poisson’s ratio of 0.5#
---Wradius Rr—
Z = depthLocus of point of greater 
shear stress for Poisson's 
ratio. ::
Smith (2 0)(2 1), subsequently evaluated a chart for the design of 
bituminous mixes relating the values of cohesion and angle of internal 
friction of mixes to values that proved stable in the field.
The chart was limited to a supporting pressure of 100 psi and to a 
25 of angle of internal friction as minima and a cohesion of 0.15 times 
the applied pressure (see Fig.^ 'b-'o ) in order to prevent shear failure. 
Fig. 83-b shows another value of the supporting pressure, cohesion and 
angle of internal friction for an applied stress.
Further steps in the development of the design procedure involved 
testing numerous bituminous paving mixes tested in a closed-system 
triaxial cell. Smith noted that bituminous paving mixtures which 
performed satisfactorily in the field under heavy traffic had values 
which fall near or above the 100 psi curve (Fig. 83.b) and this has 
been taken as the criterion for separating satisfactory and unsatisfactory 
mixes.
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A k in. diameter by 8 in. high specimen, compacted by a double plunger 
and a static compactor, and the test is undertaken at l40°F, the vertical 
load and corresponding lateral pressure being read.
Several aspects of this test procedure are referred to in detail at 
a later stage in the thesis. Fig. 83.b (Appendix) shows this method's 
approaches.
In the above paragraphs a brief review is given of four concepts of 
mechanical testing in relation to mix design. The work reported was under­
taken principally to obtain an improved understanding of the Marshall test 
and especially to investigate the possibility of explaining the relatively 
arbitrary Marshall parameters of stability and flow in terms of more 
fundamental properties.
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CHAPTER 2
Review of Previous Work
2 A. The Marshall test    :  ,
The Marshall test with its parameters of stability, flow and voids 
has been the subject of considerable discussion since its adoption by 
the U.S. Corps of Engineers. The discussion for the most part has not 
been concerned with the use of the test as a research tool, it being 
generally agreed that a more fundamental approach to the evaluation of 
the physical properties of bituminous aggregate mixtures is necessary 
in that respect.
When using a '"semi-rational" test for which criteria have been 
established through laboratory and field correlation* there seems to 
be a tendency, as time passes, to apply the test over a wider range of 
applications than that for which correlation has been established. 
Development in this way seems logical provided the test is understood 
and design requirements are modified to meet the changing conditions.
( 22 )Goetz defined this test as a triaxial test with a confining(l)pressure of 10 psi. When the Army Engineer's criteria for per cent
voids in the total mix and per cent voids filled with binder were applied 
to specimens tested triaxially, the design binder content in all cases 
was identical with that selected by the Marshall design procedure.
(23 )McLeod described it as an "unconfined compression test" which
is unsuitable for the study of the bituminous material- Metcalf 
also concluded that the Marshall test is a type of unconfined compression, 
where the stability should be approximately ten times the unconfined 
compressive strength, and that the effective lateral support which becomes 
active in the Marshall test is not constant but depends upon the co­
efficient of friction between specimen and test head, maximum vertical 
load applied, angle of internal friction of the mix, and the shearing
resistance of the material. Metcalf made use of these premises in a(2^)(113)theory of pavement design ' in which the importance of friction
in the development of pavement stability is emphasised. The investigation 
of Mclaughlin and Goetz however, demonstrated that the Marshall
stability is greater than Metcalf*S^ ^^  ^proposal, and the effective 
confining pressures as calculated on the basis of their Marshall stability
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values are directly related to the vertical load applied in the test®
Confinement behaves as if developed by the friction between the testing
head and the specimen and is approximately 5#5% of the Marshall
stability/lO®
( 22 ) 'Goetz found a correlation between flow and the angle of the
internal friction® Although flow cannot be considered a direct measure
of friction, the properties that affect friction appear to affect flow
in a similar manner and thus flow values offer a convenient, if inexact,
means of estimating the friction angle.f pp ^0 = 59.7 - 0.94 F ..... Goetz .
where 0 and F are the angle of internal friction and the flow of the 
mix respectively.
In order to limit plastic deformation it is necessary to select 
a portion of the unconfined strength that can be considered to be allow­
able for design purposes. Because surface deformation.-.is the factor 
governing performance, allowable design stress should be based on the 
stress at equal deformations.
(27 )Nijboer found that strains up to about one per cent are
essentially’elastic and proposed this as a basis for calculation of the
allowable stress. One per cent strain in the Marshall test occurs at a
flow value of 4/in. and the stress calculated on this basis was accepted nOOfor design purposes.
(1 7)Smith considered that a pressure of 100 psi to be the most
severe loading imposed by truck tyres. This seems a fair estimation 
of highway loading even though it has been shown that the rigidity of(2 8).tyre side walls cause non-uniform contact pressures, The Corps
of Engineers requires a minimum stability of 1800 lb. and a flow of 
16 in. for pavements presumed to support contact pressures greater 
^San 200 psi and these values are used in the United Kingdom for the 
design of airfield surfacings.
Broome and Please found that for different compositions the
Marshall test predicts an order of resistance to deformation similar to
(3 1)that predicted by similar tests. Please suggests that since the
stability value falls as the binder content decreases below optimum 
value the stability cannot, by itself, provide a reliable measure of 
resistance to plastic flow. The optimum binder content selected to 
provide the strongest mix with adequate impermeability and durability 
is in accordance with the leaner and most stable schedules of B.S. 594 (32)
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To decrease the binder content below the measured optimum will increase 
the resistance to deformation, but the mix will be deficient in dura­
bility and impermeability,
Hopkins has suggested a Deformation Index for various materials,
defined as the ratio of stability to corresponding flow,
Metcalf concluded that "the Marshall test is not believed to
be a rational test nor should it be used as a substitute for triaxial 
testing. Many situations occur, however, when it is necessary to design 
on the basis of the Marshall test alone. In these cases, reasonable 
estimates of fundamental properties which can be obtained from Marshall 
testing can aid in good design,"
Many investigations have emphasised that the Marshall test data 
are influenced by many factors including binder, filler, aggregates, 
mixing, compacting and testing temperatures,
A - 1. Binder
The rheological properties of the bitumen have been studied exten­
sively and are well known. One of the most complete studies has been
(33)(34)carried out by Pfeiffer ' and co-workers, restricted to long
duration loading processes, measuring flow properties of the material. 
They found that the bitumen used in road building shows a proportionality 
between stress and rate of shear and has limited elastic properties.
In recent years attention has been drawn to the behaviour of this
(35)material under conditions of short-duration loading. Mack , and
Van der Poel tested bars of the material suspended at their nodal
points, vibrations being set up at one end and the amplitude of the
deflection measured at the other end. With increasing frequency of%vibration, the system passes through a state of resonance from which 
the modulus of elasticity and the damping of the material can be 
calculated, Poel has worked out a diagram in which both elastic and 
flow properties can be represented. He found that for very short 
loading times bitumen has a constant stiffness modulus, for very long 
loading times a purely viscous behaviour, the two being linked by a 
transition region where both phenomena are observed. The maximum value 
of the stiffness modulus is reported to be as high as about 420,000 psi.
17.
Brown measured the changes in softening point, ductility and
penetration of two different hinders and found that for any given road 
the changes with time of the above properties all followed a hyperbolic 
law, which could be expressed by the following equation 
^  Pen =: /(a + b T) or T/^ Pen = a + b T 
where Pen) = change in penetration during time (T), (a) and (b) are 
constants.
Then from T//\pen against T curve he found that the curve is a line with 
a gradient equal to the constant (b) whose reciprocal l/b gives the 
limiting or equilibrium penetration below which value the bitumen pene­
tration will not fall.
Mack Mclaughlin and Goetz defined the binder content as
a thin film coating the aggregate particles and binding them together to 
form the pavement. The film thickness is a very significant fact for 
stable and durable mixes, and is directly proportional to the applied 
stress, then at the point of failure becomes inversely proportional.
Thus the appropriate amount of binder is very essential for the required 
specification of the mix.
(4l)Lee and Markwick showed that any one material, tested in tension,
bending or simple shear, gave similar deformation time curves which could
be used to determine an optimum binder content. In a similar way the
(3)Marshall test determines an optimum binder content.
(42)Please found that the optimum binder contents obtained from
the density and stability curves are similar to those specified in B.S. 594 
for the dhiest schedules having the highest resistance to deformation and 
that the test would exclude those materials in the other schedules.
(43 )Nijboer found that by studying the temperature and the filler
binder ratio effect the breaking strength of the asphaltic mixture is 
dependent on the duration of loading. Similarly, it was found that on 
repeated loading at high stress the material displayed the phenomenon of 
fatigue, well known with other materials.
Fink and Lettier concluded that the role of bitumen in
contributing resistance to deformation of dense graded mixes at maximum 
road temperatures under such conditions is primarily to provide viscous 
resistance and that, no specific cohesive factors are involved. The 
stability value is strongly influenced by the viscous resistance of the 
binder and the binder quantity, and so is the flow value.
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They found also that the effect of the source and the consistency of 
the binder on the resistance to plastic flow of bituminous mixtures is 
considerable by most of the test methods used. ^^5)(46)(47)(2?)
(45)Lewis and Welborn concluded that "there is some characteristic
of bitumen which causes comparable mixtures prepared with different 
bitumens to vary in physical properties even when the contained bitumens 
are of the same consistency."
Endersby ^^ )^ has listed the stability factors due to the binder 
content in a bituminous mix as follows : viscous resistance; cohesion 
including the internal cohesion of the bitumen as well as the adhesion 
between bitumen and mineral; apparent cohesion i.e. surface tension and 
capillary effects in the voids; and other effects such as specific 
bitumen filler interactions.
Bright, Steed,Steele and Justice found that less hardening
of the binder takes place in the mixing box at lower mixing temperatures, 
higher mixing temperatures giving higher densities, and there is an 
optimum mixing temperature for best compaction. The effect of temperature 
on compaction has also been studied by Parker Kiefer and many
others, the findings emphasing the importance of compacting at high 
temperatures i.e. 225°F or above.
(53 )Mayer found that the resistance to plastic flow increases
progressively as the viscosity of the binder is increased.
(54)Pignataro concluded that testing temperature does not change
the optimum binder content for a certain grade or any grade,of bitumen.
He found also a correlation formula for the Marshall stability at any 
temperature compared to the standard stability at 60°C
= 1 .5 8 5 (6O-T) ^ ^where t( 10 )
=3 Marshall stability at any temperature within range of
30 to 80°C.
T = Temperature corresponding to in C.
, oSgQ = Marshall stability at 60 C.
This formula is based on asphalt penetrations between 50 and 110.
Please concluded that stability values can be significantly
increased by increasing the viscosity of the binder with relatively small 
influence on the flow value.
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The above review of previous work relates to the contribution of 
the binder to the strength of bituminous materials. Other functions 
of the binder are also important including the effect of the binder on
(52 )weathering and Lee and Nicholas have reported that dense surfacing,
in comparison with open textured surfacings, are less susceptible to 
weathering effects. Skid resistance is also a vital parameter but
this is . outside the scope of the work reported in this thesis.
A - 2 Aggregates
Since the mineral aggregates usually constitute about 90% by weight 
and 80% by volume of the total mix their influence upon the final
(74)characteristics of bituminous mixes is very great
Normally the choice of an aggregate for use in bituminous construction 
depends upon the aggregates available, their cost and type of construction
(7 5)used. Pauls and Carpenter studied the significant characteristics
of aggregates and.cement gradation and size appropriate to the type of 
construction, strength and toughness, shape,pqrosity and surface texture.
Taking these characteristics into consideration, it is rather 
beneficial to refer to the mechanism of mineral aggregate in bituminous 
mixes as a major function since a substantial proportion of the resistance 
to deformation must be borne by the aggregate frame-work present in the 
mix. It has a great effect on the flexibility of the paving mix. A 
weak aggregate framework will deform easily under load, while rigid 
aggregate may result in brittleness and weakness under impact loads.
This framework can be varied considerably by altering the gradation
(7 7)Benson stated that "Aggregate gradation specifications for bituminous
mixes have been developed through actual field experiences which show 
that certain gradations are more satisfactory than others when construction 
types and thickness, traffic demands, subgrade conditions, durability, 
types of aggregate used and economic factors are considered, and in many
(7 8Xcases it is the result of trial and error." Vokac found that grad­
ation of aggregates is a very important factor in the stability of 
bituminous mixes and these gradations approach the theoretical gradation 
of maximum density. But Oppenlander and Goetz said that Vokac's
laboratory findings were not always realistic values for the strength 
of the mix. Hveem has modified a theoretical gradation curve to
fit actual aggregate characteristics and gave an important contribution 
to aggregate gradation. A.S.T.M. has gradations specified for aggregates 
that are to be used for various types of construction
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(32)In the U.K., B.S. 594 recommends a gap grading, where the sizes
between number 7 and number 25 B.S. sieves have been omitted to provide 
the durability requirement for the design since this type of grading 
permits a relatively high content of viscous binder to be carried.
Unless the aggregate is strong enough to overcome,às much as
possible, breakage during construction and especially during compaction,bydegradation will result. Abrasion ^concentrated loads and heavy traffic 
may be other reasons for degradation. This lack of strength might lead 
to overchoking of the voids, which leads to reduced stability. In this 
respect Howe has suggested relating gradation of aggregate to their
crushing characteristics. In the U.S.A. the Los Angeles abrasion test 
(A.S.T.M.) . .has been used to measure this effect, while in the U.K.
the tests given in B.S. 8l2 are used. Rex and Peck stressed
the shape of the aggregate as a factor influencing the mechanical and 
physical properties of bituminous mixes. Herrin and Goetz concluded
that "mixtures containing crushed stone coarse aggregate produce greater 
strengths than the same mixtures with any percentage of crushed gravel 
and for dense graded mixtures and graded mixtures of the base course 
type, mixture strength was affected little or not at all by varying the 
percentage of crushed gravel in the coarse aggregate fraction. But 
much greater change in strength was effected by changing the shape of 
the fine aggregate from natural sand to crushed stone sand than by 
increasing the percentage of crushed gravel."
Lottman and Goetz stated that the angularity of fine aggregate
is more important to mixture stability than is the angularity of the 
coarse aggregate, and the addition of crushed fine aggregates in amounts 
as low as 25% of the total fine aggregates, has produced a marked 
increase in mixture stability.
Goetz again, said that a certain degree of porosity is desirable in 
an aggregate since it permits the bituminous material to penetrate into 
the aggregate. This penetration aids adhesion because it forms a 
mechanical linkage between the aggregate and the bitumen film. Thus 
displacement of the bituminous film due to the action of water is more 
difficult. However, an aggregate that is highly porous is at a dis­
advantage because of low unit weight & the cost of extra bitumen to fill 
the voids. A.S.T.M. specified a porosity of 1 to |-% measured by 
absorption as normal,
Lees has stressed that the texture of the aggregate is as
important to mixture stability as is aggregate shape.
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A smooth glassy aggregate, while easy to coat with bitumen offers low
assistance in holding the film in place. It was found that the surface
character of the aggregate is the most important single factor of the
aggregate in affecting the stability of bituminous paving mixes and
advocates the use of rough stone to maintain as much interfriction as( 12 )possible between the aggregate particles •
Hanson found that the addition of small quantities of stone
to sand asphalt mixes has little effect on stability, unless the size 
of the stone is of the same order as the thickness of construction.
The maximum amount of stone is governed by the grading of the fine 
aggregate.
The R.R.L. Please and B r o o m # h a v e  found an increase
in the stability with different percentages of stone, by using a rougher 
and more angular sand, with both gap and continuous grading
of aggregate.
Hubbard added to the previous conclusion that "two sands of
the same grading may possess entirely different stability values, 
probably due to Ahe difference in surface texture, and more stability is 
achieved with more angular aggregate."
(93 )Hanson concluded that "the nature of the stone in stone filled
asphalts is important in contributing to the strength of the basic 
aggregate structure, and to a less extent, the strength of the mix at 
the major peak of stability. Changing stone content from 40% to 60% 
had little effect on the Marshall stability."
Kett 1967, found that the percentage of flat-shaped particles
that may be included without causing undesirable effects upon an
asphaltic concrete mixture is as high as 30% and may possibly be 40%
and if bituminous mixtures contain a sufficient proportion of particles
whose width to thickness or length to width equals or exceeds 3 to 1,ISits strength^adversely affected. Furthermore, the extent by which this 
ratio is exceeded did not appear to alter the results.
Please stated that high Marshall stability values are promoted
by high stone content, high viscosity of binder, rough-textured aggregate, 
not too low a filler content and good compaction.
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A - 3: Filler
In designed mixes of bituminous materials some fine mineral
matter, usually called filler, is used partly to fill the voids in the
mineral aggregate and partly to give adequate stability to the mixes.
It is defined as material largely passing a No. 200 mesh B.S. sieve.
The specifications for fillers are usually based on the effect 
of voids, water absorbtion and loss in stability as a result of water 
■absorbtion of the bituminous material. In some cases swelling char­
acteristics of the mixes are also taken into consideration. To differ­
entiate between satisfactory and unsatisfactory fillers. The Corps of
(55)Engineers, U.S. Army, developed an Immersion Compression test which
gives a numerical index of reduced stability (minimum 75% of the original 
stability) by comparing the"stability of specimens determined in 
accordance with Marsha 
in water for 24 hours.
(3 )ll procedure with that of specimens immersed
Apparently, Clifford Richardson ' was the first to recognise and
describe the importance of filler. In 1905, he credits Desmedt with the 
first international use of filler in an attempt to duplicate roekS:.asphalt 
in Washington, D.C. in the l870's, but he states that as late as 1893 
there was a question as to whether or not filler made any contribution 
to the pavement at all. He added that "a good filler should contain at 
least 60% of its weight of actual dust, and preferably over 70%"# In
(5 7)1900 Spaulding briefly mentioned filler but in 1914 he stated that
filler was used for the purpose of rendering the surface more dense and 
giving stiffness to it, which came as agreement with the view expressed 
by Richardson, In 1913 Richardson again stressed the importance
of filler but now extended the function to include making the bitumen 
less susceptible to changes in consistency caused by heat in the summer. 
It was defined as a part of the mineral aggregate of which at least 75% 
must pass the No. 200 sieve and at least 66% remaining suspended in water 
for 15 seconds,
(5 9)In 1915 Richardson presented the theory of the perfect sheet
asphalt surface. It was based on the behaviour of surfaces and films, 
and was developed from Richardsoh*.s knowledge of sheet asphalt pavements 
and colloidal chemistry.
In summary the theory is that "the satisfactory nature of a sheet 
asphalt pavement depends on the surface area of the particles of sand 
and filler, the amount of bitumen which may be used being dependent on
the extent of the subdivision of the aggregate and its available surface
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area to which bitumen may adhere." Then he added "we now understand 
the fact than an extended surface area in addition to providing for |
the use of a larger amount of bitumen exercises a still more important j
function, due to the greater surface energy developed by the large I
surface area of a fine mixture over that of a coarse one and that, I
aside from the greater surface presented by a find sand as compared 
to a coarse one, the presence of highly dispersed colloids with their 
extensive surface is necessary for the production of the most satisfactory 
surface." One other idea presented in his theory was that "the thickness 
of an absorbed film of bitumen depends on the nature of the surface and 
on the character of the bitumen." It was concluded, therefore, that 
those materials capable of forming thicker films possess greater cementing 
power.
In 1923 Besson stated that dust was added not to reduce the voids,
but instead to reduce the size of the voids, and to increase their number®
It was believed that this resulted in very thin films of cement which 
were less susceptible to temperature changes.
In 1924 Macnaughton showed that, in some cases, surface area
considerations would not lead to the selection of a proper bitumen 
quantity but that consideration of void space in a compacted aggregate 
including filler would do so. In his view, filler served only to occupy 
void space in the coarser mineral aggregate.
In 1926 Larranaga said that "an increase in number of fine
particles increases the proportion of voids," and added that "bitumen 
looses cohesion as it is heated, but that as the cohesion diminishes, 
adhesion increases, and that adhesion is greater with smaller particles."
In 1928 Hancock presented several thoughts arguing that "colloidal
suspension was described as a state of equilbrium, and fine sand particles 
retained on the number 200 sieve were considered to be beneficial 
because of increased resistance to displacement resulting from a large 
area of contact between particles, but finer particles were not believed 
to provide such an increase in proportion to their surface area." The 
A.A.P.T. sub-committee reported on ’Functions and Characteristics of(115)(116)Mineral Filler’ and this includes a study of the degree of
subdivision, shape, texture of the grains, absorption. The filler studied 
included limestone dust, Portland cement, slate dust, silica dust, 
hydrated lime, celite, slag dust, and clay. They specified that they 
required the filler to pass the number 30 sieve with 65 to 90% passing 
the number 200 sieve.
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Miller and T r a i l e r i n  1932, concluded that screens 
are useless in the analysis of filler because particles less than 40 
microns in diameter are very important. They also advocated, without 
reservation, proportioning of filler and bitumen by volume. Important 
characteristics of filler were believed to include particle shape, 
texture, size and size distribution, void space, and surface area. They 
concluded that "the larger surface area of the filler powder could absorb 
more bitumen, and the portion absorbed was the asphalt, which are the 
most rigid particles. This resulted in a lighter, more fluid oil between 
particles which was more likely to flow. Also, the larger particles were 
believed to offer mechanical resistance to flow which was not available 
in the smaller particles." "Combinations of a given bitumen and a 
particular filler becomes harder and more resistant to deformation as 
the liquid capillaries are made smaller and thinner ~ as the amount of 
filler increases the viscosities of the mixtures increase."
Hughes and Spielman^^^^ in 1936, commented on Richardson's principles 
as "his views were similar to the modern conception that the filler forms 
a colloidal suspension in the bitumen and its fineness reacts physically 
with the bitumen far more energetically than its coarser bretheren. It 
is highly likely that it fills voids only partially and then only at 
second hand, in the form of filler “«bitumen cement."
Traxler in 1937^^^^ stated that "the viscosity of a viscous liquid
solid mixture is inversely proportional to the average void diameter of
the powder as a percentage in the mixture."
Endersby^^^\ in 1937 stated that he believed that the stabilizing 
effect of filler can be measured best by a stability test on the entire 
mixture. However, a comprehensive evaluation of filler on this basis 
was not accomplished until about ten years later when the Corps of( 1 )Engineers included filler in a study of airfield pavements in 1948 .
They found that it was essential that the filler be well graded in the 
sizes finer than the number 200 sieve and that it should include material 
finer than 0.01 mm in size. They also stated that "filler was a void 
filling material and in addition it reduced the size of the voids resulting 
in a mixture that was more dense, less permeable, and of finer texture 
than mixtures without filler, and excess filler might reduce flexibility 
and durability, so the best mixtures should contain as much asphalt and 
as little filler as possible."
In 1956, Mcloed^^^^ concluded that "mineral filler should not be 
added to dense graded bituminous mixes, unless actual laboratory data
indicated that it can not only be tolerated, but that it definitely
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improves the characteristics of the paving mixture. Since mineral 
filler is a void filling material, it can be highly detrimental to 
paving mixtures made with fine and coarse aggregates that, in themselves, 
result in very dense grading."
(7 1)Warden, Hudson and Howell in 1959 conducted a study of several 
fillers based on the effect on consistency, ductility, stability, ability 
to fill voids, resistance to water, and temperature susceptibility. Two 
characteristics, ability to fill voids, and temperature susceptibility, 
exhibited no significant difference with any of the fillers used.
To summarise the mineral filler definition, it could be said that:-
1. Filler is that portion of the mineral aggregate generally passing 
the number 200 sieve which occupies void space between the coarser 
aggregate particles in order to reduce the size of these voids and 
increase the density and stability of the mass. Thus, void space in 
the coarser mineral aggregate is filled, with mineral particles 
passing the number 200 sieves because it is desirable to reduce
the size of these voids and increase the density of the material.
2. Filler is mineral material which is in colloidal suspension in the 
bitumen binder and which results in a cement with stiffer consist­
ency. Thus, bitumen binder is filled with colloidal mineral matter 
because it is desirable to increase its viscosity.
In the light of the influence of the binder and the filler on the* (72)mechanical properties.of bituminous materials. Mack developed his
discussion of the effect of film thickness in relation to filler 
particles taking account of the effect of absorption, and illustrated 
in the following sketches
(d)
'Tight packing 
(plastic system)
(e)
Tight packing 
(The optimum case) 
maximum stiffening
(f)Repulsion 
as a result of increasing filler
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Bitumen not affected by 
absorption
(K)
D
(a)
Suspended mineral 
particle in bitumen
(b)
Loose packing 
(viscous liquid.system)
(c )
Loose packing 
with maximum influence of bitumen 
(transition stage)
D = diameter of filled particle.
T^=absorbed layer thickness of bi 
thickness or the layer under the maximum influence of absorption.
bsorf) tumen which represents the optimum film
T^sthe thickness of the second layer of bitumen surrounding T^, which 
represents the additional bitumen influenced by absorption.
K a the surface energy gradient of the stiffening effect.
From the edge of the particle, this effect is constant up to a 
distance Tl, from there it gradually diminishes until it is no longer 
present at distance Tl + T2.
The series of diagrams (a,b,c,d, e and f) show the development of 
the film thickness surrounding the mineral filler, where the optimum 
binder content is shown in diagram 'e ' and at which the maximum stiff­
ening of the particles occurs. This provides the maximum resistance to 
deformation in tension. Diagram 'f shows that increasing the percentage 
of filler cause's repulsion.
(73 )Heukelom, in 19^5 found that the penetration of mastic falls
linearly with increase in the volume of filler but with different slopes 
for different fillers.
Please, concluded that increasing the filler content of a
(continuously graded) asphalt within the limits of 4 to 8% of filler 
decreases the optimum binder content by more than 1%. Although the 
maximum stability value increases with filler content, both stability and 
flow values become more sensitive to changes in binder content.
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2 B The Unconfined Compressive Strength Test
This test has been employed to determine the highest load sustained 
by the material. The test procedure is chosen so that either the rate 
of deformation of the test piece or the rate of load increase is kept 
constant. The first method is prescribed by the G.I.N. (German 
Industries Normalisation) although it is a remarkable fact that
the value of the rate of deformation to be applied is not laid down,
Batson and Vokac also followed this method while Wilson
applied a gradually increasing load, A tentative method of test for 
compressive strength of bituminous mixtures is given by the A.S.T.M,
On a detailed study of the deformation characteristics of sand asphalt, 
Huang concluded that "two different types of deformation exist, one
strengthens the mixtures and predominates at low levels of stress or 
short loading times; the other weakens the mixture and predominates at 
high levels of stress and long loading times," Huang's study, included 
the influence of viscosity, stiffness, modulus of recovery, stress level, 
bitumen content, density, and loading time on the deformation and the 
stress strain relationship,
Lee and Markwick found that the strain increases with time at
a decreasing rate and finally approaches a maximum value, and the stressofstrain ratio increases with the increase in the rate^stress. Another
(3 9)type of deformation was discussed by Mack , considering "the process
of hardening comparable to a fusion of the disordered particles into a 
particle of large mass" (work hardening).
In a discussion of the suitability of the unconfined compression 
strength test for bituminous mixes, he said that "this test while perhaps 
the quickest way to prove out the approach, cannot be used to determine 
the road resistance, where lateral stress components exist in the road 
and are important to compaction. There must be corresponding lateral 
resistance in the testing conditions to duplicate road consolidation 
and road maximum stress, which is lacking in the Marshall approach as 
well," Mack found also that the mixture viscosity decreases with
(1 0 1)(9 9)increase in stress, while Huang added that the stiffness
increased slightly with an increase in stress, and also stated that 
"the influence of bitumen viscosity on mixture viscosity is more sus- 
picuous when the bitumen viscosity is low,because under the given level 
of stress, mixtures containing bitumen of low viscosity fail, whereas 
these of high viscosity do not. If the level of stress is so low that 
more of the specimens fail, no such suspicuous effect will be noticed."
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( 102 )He found that stiffness increases with density. Goetz found that
"under the same compactive effort, mixtures containing different bitumen 
contents will arrive at different densities," and added "variations in 
bulk density did not necessarily reflect similar variations in strength, 
but variations in aggregate density were reflected by similar variation 
in strength." Vokac stated that it is necessary to limit the
height of the specimen, to not less than three-fourths the diameter, to 
overcome the "end effect" on the modulus of elasticity. When a shorter 
specimen is used a higher value for modulus of elasticity is measured
in the short flat specimens.
(104)Goetz in 1959 found that upon application of the load there
was an instantaneous deformation followed by continued deformation at a 
slower rate, until the rate of deformation became constant over a period 
of time. Upon removal of the load there was an immediate rebound which 
was equal to the instantaneous deformation observed previously. From the 
instantaneous recovery and the constant slope of the deformation-time 
curve, the "modulus of recovery" and the mixture viscosity were deter­
mined.
Rc = g—    (1)R
where Rc = Modulus of recovery in compression - (psi)
cr' _ Applied compressive stress - (psi)
6^ = Recoverable compressive strain - in/in.
and ^  =
dt 2where X = Mixture viscosity in lb. - sec/in
6 = Compressive strain - in/in.
t = time in sec.
d.6 = Ratio of strain in reciprocal sec. deter-
ci*t mined from the constant or minimum slope of 
the strain time curve.
It was found that Rc decreases with increase in bitumen content 
where the bituminous mixture consists of aggregate, bitumen matrix and 
air voids. Upon deformation, the bitumen between the aggregates is 
displaced and escapes into the air voids, so the internal stress set up 
on the bitumen is gradually dissipated. The higher the bitumen content, 
the fewer^air voids, and the greater the difficulty the internal stress 
has in dissipating.
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Wlien the load is removed, the remaining internal stress will displace 
the bitumen in the opposite direction and thus cause recovery.
Mclaughlin and Goetz concluded that the unconfined compressive
stress is not equivalent to the Marshall stability/lO, the difference belnp
due to friction between the testing hcOd and the test specimen in
the Marshall test. The lateral pressure is thus not zero and a 10 psi value( 22 )has been suggested.
Many empirical values have been given to the unconfined compressive
strength by various researchers. Vokac suggested that
P = ae^^ (D)
(h)
P IS Compressive strength - psi
2 = Diameter to height ratio
h
d IS Density of the mix
a and b are numerical constants, depending upon
the structure and composition of the mix. • 
e =i Base of Naperian logaiHithms 
( 121 )The author and Williams found an empirical relationship between
the (P) value and the Marshall stability (S) as follows:
P = 50000
where S = is the Marshall stability in lb.(25 )The Marshall test has been analysed by Mcleod and he suggests the
following relationship.
P = 2C/J K and K = 1 + sin
1 - sin çS
where C = Cohesion (psi)
0 = Angle of internal friction (degrees)
( 23 )In commenting on the unconfined compression test, Mcleod stated
th^t "the unconfined compressive strength cannot provide a satisfactory 
basis for the design of bituminous paving mixtures from the stand point 
of stability."
In cont&ast^s Carpenter found that it has proved to be a very
useful tool & it has been used sucessfully to modify design mixtures foi' 
the sake of getting optimum combinations of materials at hand. It reflects 
both cohesion and angle of internal friction,
Goetz, concluded that the maximum compressive strength when the
lateral pressure is equal to zero is dependent on the gradation of the
aggregate and the binder content which produces maximum cohesion.
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But the Unconfined Compressive Strength does not represent field con­
ditions for pavements, where the lateral support is not zero, and Mohr 
envelopes cannot be determined so as to calculate the values of cohesion and 
of the angle of internal friction. Correlation of the unconfined compres­
sive strength test results with measured values of cohesion and angle of 
internal friction could establish a relationship between them, and this would 
be of great value,
2 C The Triaxial Compression Test
It is known that the area of a flexible pavement under a wheel load 
tends to be confined by the frictional forces of the load and by support 
from the surrounding material, therefore a much higher bearing capacity of 
the mixture results than if the mixture were in the unconfined state; that 
effect in practice is defined in the "triaxial test" This type of
test is generally applied to the class of materials that are somewhat 
"plastic" in nature, e.g. soils and bituminous mixtures These
materials generally show no sudden failure under load, but rather they con­
tinue to flow as long as the load is applied.
A paving mixture developes resistance to displacement due to load by 
two means, the first is by interlocking or "internal" friction of aggregate, 
the second is due to the shearing resistance of the bituminous material or 
"cohesion” where the amount of the internal friction is directly propor­
tional to the applied load and the cohesion is increased as the rate of 
shear increases .
Hogentogler describes various items of equipment in use for this
test and distinguishes;-
1. Tests in which the material cannot flow laterally, i.e. a "closed 
system”, where the specimen is confined by a liquid which in turn 
is confined inside a rigid cell. A vertical load is applied to 
the specimen. This in turn creates lateral strain which causes 
pressure to develop in the confining liquid. For fixed incre­
ment of vertical load, the transmitted lateral pressure is
(27)determined. Nijboer commented on this system that "it leads
to an incomplete description of the properties of the material, 
and it does not give any indication of the influence of the rate 
of deformation on the resistance".
< -, 6)Tests in which lateral flow is possible "open system" where
a constant confining pressure is applied to a specimen placed in a 
triaxial cell, and the compressive strength under those conditions
is determined.
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Mohr presented the mathmatical relationships of cohesion and
internal friction in a proposal "that the material deforms by shearing 
along a series of parallel planes, the angle of which with the vertical 
(.0) is regarded as characteristic of the material which relates to the 
angle of internal friction.
0 » 45 — 0 / 2.
PI .
Single
PI
shear
plane.
Sr.
Ss
PI
P2
P3
C
(b).
Compound
shear
PI
P2
(d)
PI
Resultant 
horizontal 
movement
Effect of 
lateral pressure 
P^ = P^ tan^0
Pg tan-0“Bî-"&r-
, PI -P3 Cos 0 .== Ss
• 2The shear resistance, along the shear plane.
The shear stress at failure.
The vertical load (psi)
The load upon the shear plane (psi)
Lateral pressure on the side of the specimen (psi)
Cohesion (psi)
PI
P2
P3 P3 , P3
‘ PI .PI
(a) Equilibrium diagram of stresses PI
Fig. (B) (b) State of various Mohr’s circles
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Figs. (Q.%) and show the state of stress as applied to the specimen
under the triaxial compression test, and an illustration of these 
stresses as plotted by the Mohr circle. The mathematical relation 
between these stresses is found in Coulomb's formula.
( n o )  ( i l l )Terzaghi Bishop and many others, have discussed in
detail the analysis of the stresses developed in the confined and un­
confined compression state, and the application of these theories to 
elastic and plastic materials.
They defined the stable, or non failure, conditions of loading as 
represented by any Mohr circle that lies within the Mohr envelope. Any 
Mohr circle touching the envelope represents a pending failure condition.
It should be noted here that the Mohr envelope is a characteristic of the 
material for any one temperature and rate of loading and as such is not
(1 12)(1 09)dependent upon applied stress . On the other hand the Mohr
circle stems from the imposed stresses and is independent of the material.
The properties of cohesion and internal friction are important to 
the adequate design of bituminous paving mixtures. The triaxial test 
affords a means of evaluating these two properties.
(1 9) (1 1 2) (2 0)Love , Barber and Mershon , and Smith , devised an
evaluating chart that related values of cohesion and internal friction to 
bituminous paving mixtures that proved stable when placed in the field 
(this evaluation has been discussed in an earlier chapter of this thesis). 
It was found that compaction of the mixture under the action of traffic 
resulted in flooding of the voids in the mixture, with a resulting decrease 
in the value for the angle of internal friction of the pavement. The
(3 )Asphalt Institute used the closed system for design. Further details
on using this test for mix design in the U.S.A. is detailed in the
H.R.B. Bulletin 16O, "Bituminous paving mixture."
(109 )Hennes and Wang stressed this test as the most fundamental
method of measuring the stability of bituminous paving mixes so far 
developed, because it permits individual evaluation of the several 
properties which contribute to the stability of cohesive granular mixes.
(7 9)Oppenlander and Goetz concluded that the triaxial test has
proved to be one of the most effective mechanical testing methods 
utilized in laboratory studies of the stability of bituminous paving 
mixtures, "particularly from the stand point of research, where the 
basic properties, cohesion and angle of internal friction could be 
obtained."
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They added that the "diameter" of specimens is to be at least four times 
the maximum particle size, and the height twice its diameter and if this 
ratio is less, they then defined, it as an irrational or a modified 
triaxial test.
(107)(22)(2s)Mcleod, Goetz and Chen , showed that this test data
makes it possible to understand why pavement stability is affected by 
the lateral support adjacent to the loaded area by pavement thickness, 
by friction between pavement and tyre and between pavement and base, 
by the shape of the curve of pressure distribution on the wheel load 
contact area, by acceleration and braking stresses, by stationary or 
moving wheel loads etc., none of which are taken into account by the 
unconfined compression strength test or the Marshall test. The reflection 
on the Marshall test is arguable.
(2 2)Goetz in a comparison of the triaxial and the Marshall tests
found that the flow index is a function of the angle of internal friction, 
that there is a maximum permissible flow to ensure a sufficiently large 
angle of internal friction, and that the two tests select the same binder 
content based on maximum stability when a confining pressure of about 
10 psi. is used for the triaxial test.
(7 9)Oppenlander and Goetz reported that "the triaxial compression
tests at low, intermediate and high confining pressure showed that the 
more angular aggregate produced larger resistance to shear than the more 
rounded aggregate, and that the optinjum binder content was independent 
of the confining pressure."
Smith found that the cohesion curve reaches a maximum at the
same binder content that yields maximum density, and the maximum com­
pressive resistance of the mix as it exists in the roadway does not 
occur at the binder content which yields maximum density, cohesion, 
Hubbard-Field stability, Marshall stability etc., but at a somewhat 
lower binder content.
Carpenter and Peck showed that any "cell" type of several
that are in use today can be successfully used in the triaxial test.
They draw attention to the significance of cohesion and angle of internal 
friction compared with other mechanical tests, ie. the U.C.S., where the 
cohesion affects it more that does the angle of internal friction. They 
found that immersion of speçimens in water for a few days prior to testing, 
where both the cohesion and the angle of internal friction decreased, 
indicated lower durability of the pavement mix.
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(107)(22)Goetz and Chen concluded that "the cohesion value increases
as the binder content increases till it reaches the optimum where it 
decreases as the binder content increases but the angle of internal 
friction decreases as the binder content increases» The penetration 
of the bitumen influences the cohesion inversely as the penetration 
increases while the angle of internal friction does not show a sign­
ificant change and so also with different rates of testing strain. The 
stability of a bituminous mixture is increased by increasing the lateral 
restraint.
It was found also that at low rates of strain and low lateral 
pressure the shearing resistance provided is low also. The effect of 
rate of strain and temperature/x'^ the test data has been reported in 
several papers, (25) (22) (l06) found that high rate of deformation
results ill high cohesion and high compressive strength, while high temp­
erature has the opposite effect. Therefore, the greatest care must be 
exercised to maintain the rate of deformation and the specimen temperature 
as nearly constant as possible during the test.
35.
Chapter 3 
Scope of the investigation
To study the Marshall test it is desirable that the investigation 
should cover all the environmental conditions or circumstances which 
affect the test.
Aggregate shape, type, texture and grading are significant factors 
influencing this test and of parallel significance is the binder content. 
To obtain durable mixes with a guarantee of controlling the above factors, 
the filler content has an important role and influences the stability, 
the flow and the voids in the compacted material. It can be said that 
many factors influence the Marshall behaviour but by adopting a constant 
and precise technique^preparatibnjmixing, compacting, curing and testing 
of specimens, the data can be correlated with the results of unconfined 
compression strength and triaxial test.
A single point trace recorder, activated by a signal from a load 
cell located at the Marshall head or at the platen for the unconfined 
compression test, was developed in order to obtain a continuous record 
of load and deformation, during tests.
I ‘
3.1. The Marshall test
The research was’ confined to three types of aggregate namely gravel* 
granite and limestone , the choice being governed by the need to obtain 
low, medium and high stability.
Studying the effect of type, shape, grading and texture required 
a wide range of variables and additional results were obtained by 
preparing mixes with the crushed rock coarse aggregates and natural 
sand. The aggregates were sieved into single sizes and graded from a 
maximum size of § inch, the stone content (defined as material retained 
on a No. 7 B.S. Sieve) being 0^%,
A limited range of mixes with the 7-25 sand fraction omitted was 
produced with the different types of aggregate to study the properties 
of gap-graded mixes. The filler used was crushed limestone dust and 
7% by weight of; the aggregate was used, except that one phase of the 
investigation was carried out to examine the effect of dust in the lime­
stone. This was undertaken by using washed limestone and adding the 
filler in amounts from zero to 9% by weight.
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A 6 0 /7 0 penetration straight run bitumen was used in amounts from 
4% by weight of the total mix increasing in 1% quantities over the 
range of workable mixes. Tests were also carried out to study the 
effect of the viscosity of the binder on the Marshall test data® This 
was undertaken by testing specimens at 60°C and at 4-5°C to take account 
of American and British practice.
3.2. The Unconfined Compression Strength Test (U.C.S.)
The specimens for these tests were prepared according to B.S®(123)1924 1957* in 2 in. diameter by 4 in. high constant volume cylinder
moulds. The aggregates used in this phase of testing were limestone, 
granite and gravel, continuously graded, the sand being of the same type 
as the stone. The bitumen type, the binder content range and the filler 
were as in the Marshall test study.
A separate investigation was undertaken to study the effect on 
strength of the density of the specimens expressed as a percentage of 
the Marshall density, covering a range of from 90% to 100% of the 
Marshall value. These experiments were carried out on the gravel 
aggregate continuously graded, with 7% filler and the same range of 
binder content. In order to relate these results to the Marshall data, 
tests at two rates of strain were carried out, i.e. O.O5 in./minute 
and 2 in./minute (the Marshall rate) & two testing temperatures were 
used,60°C and 45°C, in order to study the effect of rate of loading 
and the viscosity on the unconfined compression strength. This provided 
various data including values directly comparable with the Marshall test 
(i.e. 2 in./minute rate of strain and 60°C testing temperature).
3.3, The Triaxial test
A limited series of open system triaxial tests were carried out on 
two types of aggregate, gravel and limestone, using continuously graded 
mixes. The same percentage and type of binder and filler content was 
' used as for the unconfined compression strength tests, but the testing 
temperature was limited to 45^C. The lateral pressure values were 0, 10, 
20 and 30 (psi), with a 2 in./minute rate of strain in the Marshall 
apparatus. From drawing the Mohr circle diagrams C and 0 values were 
determined.
The tests were, chosen<in an attempt to obtain information that 
would enable the Marshall data to be expressed in more fundamental terms.
Materials Used
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Binder
6 0 /7 0 penetration straight run bitumen.
Filler
Crushed limestone, nominally 100% passing the No. 200 
B.S. Sieve.
Aggregates
limestone - Amalgamated Road Stone Corporation Ltd.
Arnold Quarry, Chipping Sodbury Glos.
( a dolomitic limestone).
Granite
Gravel
Mountsorrel Granite Co. Ltd.
Mountsorrel Quarry, Mountsorrel, Leics. 
Crushed granodiorite ( a soda-granite)<
Ham River Grit Co. Ltd.
Staines Lane Pit, Chertsey, Surrey.
( an irregular flint river gravel).
Aggregate grading
Continuous and gap gradings were used and are shown on fig.l •
For the gravel sand it was found that there was a lack of aggregate 
between the No. 100 and the No. 200 B.S. Sieves. The natural sand 
was therefore sieved as follows:-
Retained No. 7f retained No. 25 and retained No. 200 mesh B.S. Sieves 
taking into consideration the weight of the other sieve sizes specified 
for that type of grading. For the washed limestone, each size was 
washed on the retaining mesh size. In plate (1,2) an attempt is made 
to show the shape of the single sizes of aggregates used.
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Chapter 4
 ^ Experimental procedures and techniques
The main experiments reported in this thesis are 
1» The Marshall test.
2. The unconfined compression strength test.
3» The triaxial test.
The preparation of the materials was the same for all these types of 
test, batching accuracy being to the nearest gramme. In order to reduce 
experimental errors to a minimum great care was exercised to ensure that 
the procedures selected were consistently adhered to, both in the 
preparation and in the testing of specimens.
An average result based on from 6 to 12 specimens for each mix 
is reported, the number of specimens being determined by the doubt 
regarding the results for any reason.
Preparation of materials prior to mixing.
Binder
The binder was stored in a large drum which was heated just 
sufficiently to be transferred into medium sized tins. The same operation 
was repeated to transfer the binder to small sized tins, which were then 
heated to the required temperature of 275 =*= 5°E for two hours prior to 
use. The two hour period was chosen in order to minimize the oxidation 
and carbonization of the bitumen which affects its ductility and pene­
tration, if heated above 300°F. Each tin was heated only once, surplus 
binder being discarded.
Filler
The filler required for each mix was added at room temperature. 
Aggregates
Each single size of dry aggregate was stored in air tight tins 
after drying in readiness for use. The required amount of each size 
was weighed separately, each quantity being sufficient for one specimen. 
The weighed and blended materials were heated over night in an oven at 
325°F.
A. The Marshall test 
Preparation of specimens
The heated aggregate was placed in a mechanical mixer
which has a temperature controlled heating jacket around the
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bottom of the mixing pan. The heated bitumen was then added and mixed 
for about two minutes, the aggregate suhface then being completely 
covered by the bitumen.
The preweighed amount of filler was gently added to the mix while 
the mixer was rotating and mixing continued for another one to two 
minutes. The time depended on the percentage of the bitumen and on 
the type of aggregate but in any case was not more than three and a 
half minutes. The standard 4-in. diameter x 2^  in. mould (plate ^ ), 
together with its base plate was heated for a few minutes at 2?0 - 300°P 
prior to use. The temperature of mixing was checked by a "Rototherm".
The predetermined weight for each specimen was about 1200 gm ± 20, which 
is proportional to the specific gravity of the aggregate used and the 
percentage of binder content.
A paper disc was placed at the bottom of the mould before introducing 
the mixed material to prevent adhesion of the material to the base. 
Approximately half of the mix was placed in the mould and subjected to 
25 blows from a wooden bar, ?/8 in. diameter and 12 in. long. The rest 
of the mix was then placed after fixing the collar of the mould.
Another paper disc was placed at the top of the specimen to prevent 
adhesion between the mix and the base of the compactor, 75 blows of 1he 
10 lb. hammer dropped from a height of l8 in. were then applied to each 
face of the specimen by a mechanical compactor (plate 4). The compacted 
specimen was then cooled under fresh water at about 25 C^ for 5 to 10 
minutes, before being extruded by means of a hydraulic jack. Three sets 
of moulds were used to keep the experiment in continuous circulation.
The specimens were subsequently placed on a flat clean surface for not 
less than 24 hours before testing.
Testing of specimens
Each specimen was subjected to the following test procedure in the 
order listed:-
1. Specific gravity determination which was carried out according 
to B.S. ^^ ^^ 812.
2. Stability and flow measurement. Each pair of specimens was 
placed at an interval of five minutes in a water bath 
operating at either 60°C or 45°C, for a period of 4o minutes t 2 
prior to testing. The testing head was pre-heated to the test 
temperature prior to testing.
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Plate 4
The Marshall Compactor (automatically controlled)
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The test was carried out in a Marshall standard testing 
machine (plate 5) using an electronic trace recorder in 
place of the proving ring "arrangement" so that by calibration 
both stability and flow were read. A typical shape of a 
tested specimen is shown on plate 6.
(8)3. Density and voids analysis. The analysis followed the normal 
Marshall determination steps, feeding them as a data, to a 
program prepared for an ICL 1905 F computer.
B. The Unconfined Compression Strength test 
Preparation of specimen
The materials preparation and mixing were the same as for Marshall 
specimens. The batch weights were based on the density values obtained 
in Marshall specimens and were achieved by using constant volume moulds. 
The calculated weight of material was placed in a mould, the lower plug 
having previously been inserted to a distance of ^ in. During filling, 
the mix was tamped gently and uniformly in two layers, each layer being 
given 25 blows from a steel bar ^ in. diameter and 12 in. long. The 
upper plug was then inserted to a reasonable distance and the mould 
assembly placed in a hydraulic press and a load of not more than 20 ton 
was used to achieve the required penetration of the end plugs, the load 
being maintained for five minutes. The mould was allowed to cool for 
about ten to fifteen minutes before extruding the specimen. The specimens 
were placed on a flat and reasonably levelled surface for at least 24 
hours before test.
Testing of specimens
Each specimen was subjected to the following tests.
1. Specific gravity determination which was carried out in 
accordance with B.S. 812.
2. Determination of the unconfined compressive strength. The 
. specimens were heated using the same water bath and the
same time of immersion as in the Marshall test.
The specimen was then placed centrally on the lower platen of the 
compression testing machine (plate 7) and the load applied at a rate 
of deformation of 0.05 in./minute. The maximum load attained during 
the test was recorded on the trace recorder.
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A calibration for the curve provides directly the stress and an 
indication of the strain development during the test. The same procedure 
was repeated using the Marshall testing machine (2 in./minute) (plate 8) 
at testing temperaturesof 60°C and 45°C. The specimens were protected 
during testing in an attempt to minimise temperature loss, by surrounding 
them with a plastic foam before placing them in the testing machine.
An approximate elastic modulus was calculated from the stress/strain 
relationship but, since this is not based on strains measured at 
positions remote from the ends of the specimens, this is only a general 
guide. Plate 9 shows the type of shear failure usually observed in 
this test, a more plastic type of failure being encountered at high 
values of binder content.
C. The Triaxial Compression test
The preparation of specimens was the same as for the unconfined 
compression strength test except that a rubber sheath was placed on each 
specimen prior to immersion in the water bath. This was required for 
the loading test but was providtzd in advance in order to avoid the 
temperature loss that would result if it was applied immediately before 
load testing.
Testing of specimens
The specimen was positioned vertically at the centre of the lower
plate of the cell (2 in. diameter), a plastic distance piece with a
concave top surface placed on the top of the specimens, and the cell
body lowered vertically so the piston of the loading plunger located
the concave part of the top of the plastic disc. The side nuts were
tightened and water raised to a temperature of 45 ± 2°C in an adjacent
heated container, pumped into the cell with the upper valve of the cell
open (plate 11 ). During the filling operation, a vertical stress
of 2 psi was applied to the specimen, to avoid eccentric movement. The
triaxial cell was positioned in the Marshall testing machine, and the( 21 )test carried out using the open system method
The lateral pressure was fixed and the direct pressure increasing
until the specimen failed. The applied stress was read from the proving
ring dial gauge. The test was carried out at various values of lateralaspressures (I/) so as to define the Mohr's circle diagram with (V«L)^the 
diameter, Plate 10. shows the hair cracks on tested specimens.
#Do The wheel-tracking test
Preparations were made for this test but insufficient results were 
obtained to merit inclusion in the thesis.
Preparation of specimens
Preparation of the materials and the mixing technique were similar 
to those detailed in the previous pages except that the quantities were 
greatly increased. For compacting the specimens, a device (plate 12.a) 
was developed in which a 7 in. diameter by l4 in. long roller replaced 
the standard loading roller in the wheel-tracking machine
A l4 in. by l4 in. by 2 in. steel mould was made and located on 
the upper surface of the machine bed so that the roller sides fitted 
inside the machine. Then when the roller was started the movement 
produced by the connecting rod system enabled the roller to compact the 
mix. The mould was turned through an angle of 90° so that the speci%,gn 
was then compacted in the other direction.
A careful control of the surcharge material was necessary to avoid 
loss and a collar would overcome this difficulty. Specimens could xhan 
be prepared to the required density and by selecting the contact pressure 
of the number of passes, the density could be the Marshall value or, 
more realistically, a proportion of this value.
Testing of specimens
Prior to testing, the compacted specimen must be cooled in fresh 
water (25°C) for ten to fifteen minutes. The Road Research Laboratory 
standard wheel, 8 in. diameter by 2 in. wide, with a tyre pressure 
equivalent to 80 psi, and 42 passes per minute were used for testing.
An electronic trace recorder (plate 12.b) was actuated by a linear 
transducer attached at the wheel axis and passing over a cam shaped 
datum at the side of the specimens. The apparatus complete with specimen 
was heated in a room controlled at a temperature of 4-5°C for 40 minutes 
prior to test. The recorder then traced the deformation of the specimen 
during the wheel tracking operation. This continued until either the 
deformation reached a limiting value normally ^ in. or for a fixed 
duration (half-an hour). The deformation/time curve or rate of 
deformation may then be assessed.
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Chapter 5
NEW TECHNIQUE FOR THE MEASUREMENT OF THE 
MARSHALL TEST PARAMETERS
In 1 9 6 4, at the University of Surrey, a series of research^projects 
was started to examine the effect of aggregate type and grading on Marshall 
test data (88),(93),(122).
The early work involved the traditional measurement of the ’end 
point ' stability and flow. A time lapse camera was then used to photo­
graph this development, a stop clock being located by the loading frame.
In the work reported in this thesis an Electronic Trace Recorder has 
been used to plot the signal transmitted from a load cell to a chart 
thereby recording the development of load-deformation? deformation being 
calculated from the time base of the recorder and the rate of straining 
of the specimens.
(a ) This development was undertaken because it was considered that the
traditional measurement of stability and flow did not give sufficient 
information regarding behaviour.
(B) The concept of recording load and deformation, and of suggesting
reasons for behaviour during the test, is not new. In 1948,
( 27 )Nijboer ' discussed the stages of the development of load in the
triaxial test. In 1956; Vocac (103) published information relating
to trace recording during compression strength tests and this was 
followed in I967 by Huang who trace recorded Marshall loading
tests. The latter work is especially relevant and it is of interest 
to note that Huang found that unless the strains were large, there 
was nearly a straight line relationship between stress and strain. 
The straight line did not pass through the origin and, at small 
strains, the mixture became stronger, so that the curve was concave 
upwards and, at larger strains, the material becomes wealver, so the 
curve was concave downwards, as shown in .Figure 4.
(c) In developing the trace recorder technique in this investigation, 
it became clear that this offered many advantages in comparison 
with the end point measurement. In particular, it reduces operator 
variable and provides a permanent record of the test so that .si.:-:,;', 
results may bo reconsidered. It also proved to be quicker 
once developed, could be modified for use in other tests.
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Fig. ( 2) shows a line diagram of a typical trace on which the 
terms used elsewhere in the thesis are defined.
A study of the trace form shows that the following relationships 
apply
tan =3 K and therefore K s s
F
= F tan CX w
w
Similarly S = 
and
Fg tan <X
S = F^  tanoC'
(1)
(2)
(3)
( 3 ), values of are shown plotted against values of SIn fig
and, within experimental error, a straight line may be draivn through
...... (4)the points j giving the expression = 0.75 S ..
In fig. (4 ), values of F^ and of F^  ^are plotted against values of 
F^  and, in this case also, straight line relationships are obtained, 
These suggest the following expressions:~
(5)
(6)
(7)
(8)
0 .8 5 .....
So that F = 0 0 .1 5 F.
Also that Fw 0 .3 8 3 F^ .......
and Fw 0 .4 5 Fg ...... •
By combining equations (l), (4) and (8), the following expression
is derived
8 = k Fg tanc<^ ....... (9 )
  (1 0)also, by using equation (5 ) S = kj F^  tan
where k & k ;  are numerical constants.
Equation (lO) is of some significance since, if taxicxi is regarded
as a measure of the stiffness of bituminous material, this value is
proportional to ^  and therefore implies that the practice of judging
F.1
the suitability of mixes by the ratio of stability and flow, such
(30)as the Deformation Index suggested by Hopkins , is satisfactory,
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S - Stability - Ibs»
FB - Flow i/lOO iîio (moasured .from trace recorder)
(X - Angle of stability deflection
Ks - Stability Constant’.of the portionality (lb.)
.Fi - Flow (The traditional value)
Fo “ Loss of flow,
Fw “ Flow corresponding the (Ks) value
S = 0.6 Fgtan^..... (l)
FB = 0 .8 5 Fi 
Fw = 0 .3 8 3 Fi 
Fo = Go 15 Fi '
F\f = 0.4-5 FB
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Fig. 2. Typical curve showing the main chart functions.
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Returning to equation (9 ), the value of *k* is governed by the load 
cell and trace recorder calibration and, for the particular items 
used in this study.
S = 36000 Fg tan<X
The form of fig. (2) shows that the development of the stability/ 
flow from the zero stress to the point of failure involves three stages 
defined on the curve as, a-b, b-c, and c~d. Points (b) and (c) define 
the lower and upper limits of the linear part of the trace and point (d) 
defining failure. In Fig. (2) the deduced equation shows that the stability 
curve may be defined in terms of s, f, and 04. . The angle (cx) does not 
have an absolute value in degrees because of the dépendance on the load 
cell and chart speed used, but with an appropriate allowance for scale 
it offers an absolute means of relating stability and flow i.e.
tan oC =5 ks lb/in.
F ” w
Fig. ( 2) and equation (4) show that there is a constant value to the end 
of the linear state of the curve which may be regarded as the constant 
of proportionality. At this point the flow is equal to F^  ^ + F^ i.e.
point (c).
Another finding is that, the effective origin of the curve is shifted 
to the point (o) and it is considered that the loss of stability and flow 
is due to remoulding of the specimen in the testing head, perhaps to 
correct some distortion that has occured in handling especially during 
extrusion. This is likely to reflect aggregate movement resistance.
(E) The general form of load deformation behaviour has been defined
by Nijboer in terms of frictional resistance, initial resist­
ance and viscous resistance. For the tests carried out in this 
investigation, however, the general form of the traces may be 
summarised as follows:-
1. Stage a-b represents a phase in which some remoulding of the 
specimen occurs. Only low loads are involved but,on average,
15% of the total deformation occurs in this stage.
2. Stage b-c, the linear phase, allows the stability on average 
to attain 75% of the maximum value and the flow during this 
phase is 45% of the total flow.
3 . Stage c-d, the curved visco-elastic phase, as failure is 
approached and reached, relates to only the final 25% of the 
load capacity but this involves on average 55% of the total 
flow.
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It is considered that the values given for stage c-d are of 
considerable significance and imply that very substantial deform­
ation may be expected under the action of wheel loads that induce 
a state of stress in excess of that corresponding to 75% of the 
Marshall stability. At a later stage in the thesis, this limit 
will be referred to in terms of the compressive strength of mixes.
(F) Figure 7 shows c< plotted against deformation index, a parameter 
suggested by Hopkins for separating ’satisfactory’ and ’un­
satisfactory’ mixes. The index is in effect the flow at a stability
of 1000 lb. (i.e. Flow_____ x 1000) and the range found to apply
Stability
by Hopkins is from 0.05 to 0.115. This range corresponds to 
values of 70° to 50° but, in this investigation, mixes with û 
value up to 7^° were found to be satisfactory and this would 
suggest a modified limit of 0.035 for the Deformation Index.
(G) It is to be recognised, however, that the constant of proportion­
ality (Ks) relationship to the stability value is important from 
the stand point of design. It fixes the value of a factor to be 
applied, the stability value if this amount does not exceed the 
elastic limit i.e. (Ks) limit value. In another word, if a mix 
has a stability value of 1000 lb., the safe working stability 
will be 0.75 of this, i.e. 750 lb. Or conversely, if a surface
i# to bear load of 750 lb., a mix should be furnished with stability 
of not less than 1000 lb.
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Chapter 6
DISCUSSION OF EXPERIMENTAL RESULTS 
THE MARSHALL TEST
Phase 1. The effect of aggregate type on Marshall properties.
The experimental results, presented in Tables "^<5 /6 and shown 
plotted in figures 8 to 13, apply to five combinations of aggregate 
type (limestone coarse and fine; granite coarse and fine; gravel coarse 
and fine; limestone coarse and gravel fine; granite coarse and gravel 
fine), continuously graded, and prepared at binder content values of 
4 to 7 per cent for test at 60°C.
A. Effect on density
The general form of the relationship between density and mix 
bindeB^content is that low values of density are attained, under a 
given compactive effort, at low values of binder content due to the 
resistance to movement offered by interparticle friction. As the 
binder content is increased, the thickness of the film coating the 
individual aggregate particles is increased and this allows the 
particles to padc more readily. A critical film thickness is then 
reached at which the mix density attains a maximum value, the 
density decreasing with increase in binder content beyond this 
•optimum’ value. At high values of binder content, the binder 
separates the aggregate particles and, due to the low specific 
gravity of the binder compared with that of the aggregate, low 
densities are obtained although the voids in the mix will be low.
This behaviour is directly analag. ous to that established by Procter
in a study of the compaction of Sbils.
The experimental results obtained are plotted in figure 8 and are discuss«<i
in The context of the above remarks as follows:-
1. Of the five aggregate combinations examined, three display the
general form of the relationship between density and binder content.
The mixes containing granite show an increase in density with increase 
in binder content but the optimum binder content has not been 
reached. This is attributed to the pronounced particle interaction 
of the angular shape and rough texture of the granite, the effect 
of the stone being such that substituting natural sand for granite 
fines does not bring the optimum within the range examined.
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Granite mixes were subsequently prepared with a binder content of 
8 per cent and showed that the 7 per cent binder content was in 
fact the optimum value. Limestone mixes were also prepared at a 
binder content of 3 per cent and showed that a lower density was 
then achieved. The additional values for granite and for limestone 
are not presented, however, because they were not undertaken as 
an integral part of the test programme.
2. The value of the optimum binder content is a function of aggregate 
type, as shown in (l) above. Thus the gravel mixes, due to the 
relatively rounded shape and smooth texture of the particles, 
attain maximum density at a mix binder content of approximately
6g per cent and their behaviour, relative to the granite mixes, 
is consistent with their relative physical properties. The lime­
stone mixes, however, have an optimum binder content of approxi­
mately 5 per cent and, in comparison with the granite mixes and 
the gravel mixes, this appears to be inconsistent. It is suggested, 
however, that the limestone aggregate may pnder go abrasion during 
mixing and some breakdown during compaction so as to offset the 
demand for binder created by its shape and texture. In support of 
this possibility, it is pointed that when natural sand is used 
instead of limestone fines, the optimum binder content is increased 
to approximately 6 per cent.
3. The absolute values of maximum density are governed by the specific 
gravity of the aggregate and by the mix binder content. Thus the 
highest density is obtained with the all-limestone mix, a lower 
value occuring when natural sand is used instead of limestone fines, 
and the lowest density with the gravel mixes, and this is in accord­
ance with the specific gravity of limestone and gravel. No direct 
comparison can be made with the granite mixes because, in the 
range of binder content studied, the particle interaction of the 
granite has resisted compaction as discussed earlier.
4. Regarding the relationship between density and binder content, 
substituting natural sand for either limestone fines or granite 
fines does not change the overall form although, as discussed 
above, the values of density and of optimum binder content are 
affected. This suggests, as stated earlier for the granite mixes, 
that the form of the relationship is greatly influenced by the 
properties of the stone, at least for the particular grading 
examined.
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B. Effect on Stability
The introductory remarks regarding the effect on density of 
binder content, especially in terms of film thickness, may also 
be applied in connection with the stability of mixes. However, 
account must also be taken of the fact that stability is provided 
by,in part, the viscous resistance of the binder (extended by the 
filler to form a matrix) and by the interlocking of the aggregate 
particles. It therefore follows that, as the binder content of a 
mix is increased, the viscous resistance is increased but the inter­
lock contribution is decreased.
The experimental results obtained are shown plotted in figure 9 
and discussed as follows:-
1. So far as the level of stability at optimum binder content is
concerned, the highest value is obtained with the limestone mixes, 
followed by the granite mixes and lastly by the gravel mixes. It 
is significant also that when natural sand is substituted for lime­
stone fines and for granite fines, the stability values are greatly 
reduced and tend to the value obtained with the all-gravel mixes.
It is submitted that this may be explained by the following factors:
(a) The limestone aggregate produced the highest value of density 
with a well defined peak, so that the specimens were in a 
favourable state of compaction in contrast with the granite 
mixes which had not attained their maximum density.
(b) Mention has already been made of the possibility of dust 
being created by abrasion during mixing in the case of lime­
stone aggregate, and this would provide additional filler 
which would increase the strength of the material. Some break­
down during the early stages of compaction could have a simular 
effect but breakdown at a later stage could produce uncoated 
faces and therefore lead to a possible reduction in strength.
(c) The intermediate level of stability recorded with the granite 
mixes reflects the favourable interlocking nature of this 
aggregate with regard to load resistance but, as detected in 
the study of density results, this characteristic has prevented 
the development of good compaction. It is interesting to note, 
however, that at mix binder contents greater than about 5a per 
cent, the highest stability is obtained by the use of granite 
aggregates.
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(d) The low value of stability attained with gravel aggregate is 
consistent with the less angular shape and less rough texture 
of this type of aggregate, so that the particle interaction 
component of stability is low.
(e) It is clear that a strong, interlocking framework in the fine 
aggregate size fractions is essential and has a dominant effect 
on the stability of the mix.
(f) As an overall observation, the photographs in Plate 2 
give an indication of the shape and texture of the aggregates 
used.
2. The optimum binder content for maximum stability is a function of 
the aggregate type and the reasons suggested in the discussion of 
the density results apply here also. Thus the granite mixes have 
an optimum binder content of 6 per cent and the gravel mixes a 
value of 5 per cent, the difference being consistent with their 
interlocking characteristics. In contrast, the limestone requires 
a value of only 4% binder for maximum stability and it is thought 
that this can be explained in tie same way as the low optimum 
binder content for maximum density.
Substituting natural sand for limestone fines increases the optimum 
binder content from 4 per cent to 5 per cent. Particle breakdown 
is less likely to occur with the natural sand so that a greater 
proportion of voids have to be filled with binder. But changing 
from granite fines to natural sand does not appear to influence 
the demand for binder although one might have anticipated a lower 
optimum with natural sand due to a number of factors including 
lower specific surface, reduced interlock, lower voids. It is 
possible, however, that a more detailed study of mixes prepared 
in the immediate vicinity of the binder content values of interest 
would provide information on this point.
C. Effect on flow
Although the value of flow is a parameter in the Marshall 
method of mix design, it is not included in the determination of 
the design Value of binder content but the flow at the chosen 
binder content must be within given limits.
69.
It became apparent during the investigation that the significance 
of flow is questionable and this is referred to later in the thesis. 
The values obtained, however, and plotted in figure 10 are briefly 
discussed below.
1. Flow increases with increase in mix binder content, the effect 
being progressively more pronounced at higher values of binder 
content. This is attributed to the reduced particle interlock 
as the thickness of the binder content film is increased, the 
effect being less pronounced at low values of binder content i.e. 
values at which the critical film thickness for favourable particle 
packing has not been reached.
2. The relationships between flow and binder content for the limestone 
mixes and the granite mixes are similar in form. The flow is greater 
in the case of the limestone due, it is thought, to the higher 
stability (and therefore further progression adding the stress-strain 
curve) of the limestone mixes at low values of binder content and 
due to the more pronounced particle interlock of the granite mixes
at high values of binder content.
3. The gravel mixes show the least dependence on binder content and 
this is attributed to their less favourable interlocking character­
istics.
4. Replacing limestone fines with natural sand reduces flow, principally 
because the stability has also been greatly reduced.
Replacing granite fines with natural sand, however, increases flow. 
Thus, although the stability has been reduced (and this should 
reduce deformation at maximum load) the pronounced!interlock of the 
granite fines is replaced with the less favourable natural sand and, 
on balance, increases the flow.
D. Effect on voids
The results obtained for ’voids in mix’ and ’voids filled with 
binder’ for the limestone, granite and gravel mixes are shown 
plotted in figures 11 and 12 respectively and are discussed below.
1. With increase in mix binder content, the voids in mix are pro­
gressively reduced, and values of approximately 1 per cent are
attained on mixes with 7 per cent binder. At low values of binder
content, the granite mixes show the highest voids but, with increase
in binder content, the effect of aggregate type is less pronounced.
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This finding offers support to the explanations suggested for the 
effect of aggregate type on density and on stability.
2. As the voids in mix decrease, the aggregate voids filled with 
binder increase and tend to a value of approximately 95 per 
cent at a mix binder content of 7 per cent. In this case also, 
aggregate type has a pronounced effectuât low binder contents but, 
as binder content is increased, the effect is no longer apparent.
3. The effect of angularity, and hence aggregate voids, in the granite
aggregate is clearly shown in figure 12, and a comparison with the 
limestone values offers some support to the suggestion of particle 
breakdown in the case of limestone. The intermediate behaviour of 
the gravel reflects its low angularity, and therefore low voids,
so that a higher proportion of voids will be filled at a given 
binder content.
4. When natural sand was substituted for either granite or limestone
fines, the effect on voids was vague and did not justify reliable
comment, they are therefore not included in figures 11 and 12.
E. Effect on stability and flow talc en together
Neither stability nor flow adequately define the nature of a 
mix and since stability is a measure of the state of stress and flow 
a measure of the state of strain in a material at failure, the ratio 
of stability to flow may provide some indication of the stiffness of 
a material. This is an important correlation because of the danger 
of rejecting a mix because of high flow when the high flow may be 
associated with a high value of stability. A more meaningful com­
parison of mixes would be obtained by comparing deformation at a 
given load and Hopkins has in effect recommended this approach
by introducing the term 'Deformation Index' where
Deformation Index = Flow____  x 1000
Stability
Hopkins  ^has suggested that mixes having a deformation index 
within the range of 0.05 to 0.115 are likely to be satisfactory.
In figure 13, therefore, average values of stability and flow 
(obtained from the load-deformation traces for between 8 and 12 
specimens at each condition) are plotted and lines representing 
deformation index values of 0.05 and 0.115 are superimposed.
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A line representing a proposed lower limit of O.O^is also draivn 
and it may be seen that the majority of the points fall within the 
revised limits. The values of flow were obtained in this investigation 
from the trace of load-deformation
and are measured from the estimated zero after 
allowing for bedding down. These values of flow are therefore 
approximately 0 .8 5 of the total flow and this must be considered 
when comparing the values with the limits suggested by Hopkins
P. Effect on Interpretation in terms of specification requirements.
In the United Kingdom, the Marshall test is only used in 
connection with airfield pavement construction and, in summary, 
the current requirements for a wearing course material are as 
follows :
Stability : Not less than 18OO lb.
Flow ; Not more than 0.l6 in.
Voids in mix : 3 to 5 per cent
Aggregate voids filled with binder : 75 to 82 per cent.
So far as stability is concerned, the limestone mixes and the granite
mixes are entirely satisfactory but the gravel mixes do not attain 
the required value. It is also noted that the use of natural sand 
with either limestone or granite coarse aggregate would be barely 
adequate, although it must be stressed that the Thames Valley sand 
used is not necessarily a sand that would be used in asphalt mixes 
in practice.
To meet the flow criteria, all three types of aggregate are 
satisfactory at the binder content based on the separate values 
giving maximum density, maximum stability, a voids content of 4 
per cent and an aggregate-voids-filled content of 79 per cent.
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Phase 2o Effect of,gap grading compared with continuous grading.
The five combinations of aggregate type used in Phase 1 were again 
prepared but to the gap grading shown in figure 1 , at binder contents 
of 4 to 7 per cent, for test at 60°C. The results are given in Tables 
to 16 and plotted in figures l4 to 19«
As Effect on density
Figure l4 shows values of density plotted against binder content 
for the full range of mixes examined. The general comments made in 
the discussion of Phase 1 regarding the form of the relationships 
again apply, together with the following comparative points
1. With the exception of the gravel mixes, the use of a gap grading 
reduces the density at a given binder content for the aggregate 
combinations tested. The gap grading chosen increases the pro­
portion of smaller size particles in the mix, and thereby increases 
the voids in the fine aggregate framework.
The gap-graded gravel mixes also show lower densities at higher 
values of binder content but, at 4 per cent binder content, the 
reverse is the case. No explanation can be offered for this in­
consistency, other than to observe that, of the aggregate combinations
tested, the gravel mixes are least sensitive to'binder content i.e.
they produce the flatest curves in figure l4.
2. On the assumption that the reduced densities of the gap graded mixes
can be attributed to the greater voids in the fine aggregate frame­
work, as suggested above, it might be expected that the value of the 
optimum binder content would be increased. Although this is the case 
with the limestone mixes, the reverse effect occurs with the gravel 
mixes and no apparent difference can be detailed for the other 
aggregate combinations. It would appear, therefore, that a closer 
study using a more pronounced gap in grading is desirable in order
to obtain a full understanding of this point.
Be Effect on stability
Values of stability are shown plotted against mix binder 
content in figure 15 for the full range of mixes examined. The 
effect of adopting a gap grading rather than a continuous grading 
is as follows;-
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1. With both limestone and crushed rock aggregates, the optimum 
binder content is increased by 1 per cent, due to the greater 
surface area and particle interaction of the increased proportion 
of crushed rock particles. Again, the gravel mixes show a differ­
ent behaviour, the optimum binder content being decreased and, when 
natural sand is used instead of either crushed rock fines, there is 
no discernible change. It would appear, therefore, that the value 
of the optimum binder content is only significantly increased when 
crushed rock coarse and fine aggregates are used.
2. Regarding the magnitude of the maximum stability, there is no well 
defined change that may be attributed to grading. This suggests 
that stability is a function of aggregate type, rather than of 
aggregate grading, within the range of variables examined.
C. Effect on flow
The flow values recorded are plotted in figure 17, but the 
change in grading does not appear to introduce any consistent 
effect on flow.
D. Effect on voids
The values of voids in mix are plotted in figure l8, and of 
aggregate voids filled with binder in figure 19, and the following 
observations are raade;i?-
1. For both limestone and granite mixes, the voids in mix are increased 
and this is consistent with the increased voids that result from the 
change in grading. The gravel mixes, however, again show an in­
consistent behaviour with the voids being marginally decreased at 
low values of binder content and increased at high binder content, 
suggesting that these mixes are not sensitive to the change in 
grading.
2. The values for aggregate voids filled with binder are consistent 
with the voids in mix, a decrease being detected for both limestone 
and granite but a small decrease followed by an increase for the 
gravel mixes with increase in binder content.
E. Effect on stability and flow taken together
The values of stability and corresponding flow are plotted in 
figure 19 and, as in figure 13, lines representing Deformation Index 
values of o.035,*05 and 0.115 are superimposed.
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It may be seen that the proposed limits of 0-035and 0.115 would 
suggest that the great majority of the mixes tested, both con­
tinuous and gap graded, are acceptable. If the limits of 0.05 
and 0.115, as recommended by Hopkins are applied, there is
a tendency for high stability mixes, and especially those with 
a continuous grading, to be excluded. It may be, however, that 
the high stabilities included in this investigation were not 
envisaged when the deformation index values were assessed.
Phase 3» Effect of viscosity
This phase of the investigatior^  formed an extension of Phases 1 
and 2 by malting provision for testing specimens at 45°C in addition 
to the standard Marshall test temperature of 60°C. This was under­
taken primarily because 45°C is the accepted peak surface temperature 
in the United Kingdom and the view has been expressed in the past that 
6 0°C, although appropriate in California, may lead to misleading results 
in the United Kingdom.
Results are presented in figures 20 to 28 for tests on specimens 
prepared with three types of aggregate (limestone, granite and gravel) 
to two gradings (continuous and gap) and at binder contents of 4 to 7 
per cent.
A. Effect on stability
The stability - binder content relationships obtained for 
tests at 45°C are presented in figure 20 and these may be compared 
with the values obtained at 60°C (plotted in figure 15) The results 
for all tests are given in figure 2 3.
In figure 27, the stability values obtained at 45°C are plotted 
against the corresponding values at 60°C. From an examination of 
these results, it may be seen that :-
1. The general form of the curves remains unchanged when the test 
temperature is decreased to 45°C and there is no marked effect 
on the value of the optimum binder content.
2. As would be expected, reducing the test temperature increases the 
viscosity of the binder and thus increases the stability of the 
mixes. The results plotted in figure 27 suggest a linear relation­
ship between the stability at 45°C (designated S^^ ) and the
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stability at 60°C (designated , in the forms
®45 - ^'33 Sgo
Although there is appreciable scatter in the points, it is important 
to emphasise that the scatter reflects the contribution of mixes 
covering three types of aggregate to two gradings and prepared 
over a range of binder content values in order to allow the optimum 
condition to be identified.
B. Effect on flow
The flow values obtained in tests carried out at 45°C are 
plotted in figure 21 and included in the combined results presented 
in figure 24. The flow values at 4$°C, although following the same 
form when plotted against binder content, are reduced in value in 
comparison with tests at 60°C. From the values in figure 2 8, a very 
general indication of the order of reduction is that:
= 0.75 FgQ where is the flow in a test at 45°C
and FgQ is the flow in a test at 60°C
Thus, although testing at a lower temperature increased stability, 
the deformation at failure is reduced, and the stiffness is thus 
greatly increased.
Effect on stability and flow taken together
In figures 25 and 26 the stability and flow values are di^ awn
separatly for the continuous and for the gap graded mixes, givingoresults at the test temperature of 45 C. However, since a lower 
temperature implies an increased stability and a reduced flow 
appropriate limiting values for deformation index need to be 
evaluated. The results are therefore only presented for reference 
at a later date.
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CONCLUSIONS
The experimental results have been discussed in detail and suggest
the following main conclusions.
1. The type of- aggregate has a major effect on the Marshall test 
parameters. No single parameter could be used for design purposes 
but, collectively, they provide sound criteria.
Hopkin's proposal of a "deformation index" as a criterion for mix 
design purposes merits consideration. But each type of aggregate, 
tested under defined conditions, is likely to have an appropriate 
index value to suit particular design requirements.
2. Crushed aggregates with a rigid skeleton of stone particles are
shown to have high voids in mix compared with aggregates with alless
rigid skeleton and this leads to lower stability and flow values.
Gravel aggregate produce lower stability and flow values than do 
the crushed aggregates examined.
3» Replacing the sand of a crushed aggregate with natural sand to
produce a combined aggregate mix, causes a marked change in the
stability and density values and a slight change in the flow value.
4. The flow value increases as the binder content is increased at both 
testing temperatures used and with all the types of aggregate used. 
The stability and the density values increase with increase in bindéK: 
content and reach a maximum value, any further increase in binder 
content leading to a decrease in stability and in density. The 
optimum binder content for maximum density is higher than that for 
maximum stability by some 1 per cent.
5« The percentage of aggregate voids filled with binder increases and 
the percentage of voids in the total mix decreases as the binder 
content increases, but the magnitude of the^voids is a function of 
the aggregate type.
6. For gap graded mixes the optimum binder content for the maximum
density and stability is some 1 per cent higher than that of con­
tinuously graded mixes. The density of the mix decreased, the air- ■ 
voids and the flow value are increased while no significant change 
was found in the stability values.
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When the tests are carried out at a lower temperature, the binder 
is more viscous but there is no detachable change in the value of 
the optimum binder content. The stability is increased and the 
flow values are decreased for the full range of aggregate combination 
used in this study.
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CHAPTER 7
THE ROLE OF FILLER IN THE PROPERTIES OF 
BITUMINOUS MIXES MEASURED BY THE MARSHALL TEST
A series of experiments has been undertaken to investigate the effect of 
filler on the Marshall test data. Limestone aggregate continuously graded has 
been used with filler content from 0% to 9% of the total weight of aggre­
gate . Both washed and unwashed aggregates has been used in mixes“covering 
the binder range from 4% to 7% . The mixes were tested according to the 
Marshall procedure at 60°C and the results are shown plotted in Figures 29 
to 41.
Phase 1; Effect of filler content on unwashed limestone aggregates 
(i.e. dry sieved aggregate)
This phase includes a study of the density, stability, flow and load/ 
deformation characteristics of mixes contain 0%, 3%, 7%, and 9% filler 
content, •
A. The density versus binder content curves are shown on Figure 29. 
Increasing the binder content from 4% to 7% at the 9% filler con­
tent shows more effect than with 0% filler, i.e. the curves are 
more concave. This is because of the increase in viscous resis­
tance due to the increase in the filler content which combines 
with the bitumen to produce a viscous mortar coating to the
aggregates. Under the effect of compaction and with the aid of
the particle interaction of the aggregate, the viscous film forms 
a strong cementing agent which provides the high resistance of the 
mix to deformation. As the binder content increases, the 
adhesion of the viscous resistance is increased, which provides a 
critical viscous resistance under which the aggregate is tightly 
packed, and the filler content has the right amount of binder.
This produces the best interlocked, dense and low air voids 
conditions, which is the maximum density at the optimum binder 
content. As the binder content is further increased, although 
the airvoids are decreased^ the additional bitumen causés a 
displacement of the film thickness during compaction, which 
reduces particle interlock and leads to a lower density. The 
density values are also decreased by the low specific gravity of
the increased volume fraction of bitumen.
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It is remarkable that increasing the filler content from 3% to 9% 
decreases the optimum binder content corresponding to maximum 
density by approximately 1%, which agrees with Please 
approach in this aspect. The quantitative comparison of the maxi­
mum density provided at each percentage of filler shows that 
increasing the filler content from zero to 3% increases the density 
from 146 to 150 (pcf) approximately. A similar increase in den­
sity has been recorded between 3% to 7% filler content. Increasing 
the filler content from 7% to 9% the curve does not show a signif­
icant change in density which suggests that the 9% filler content 
shown on Figure 29 is near the optimum value.
B. The effect of filler content on stability is shown in Figure 30.
The shape of the stability curve shows the influence of increasing 
the binder content from 4% to 7%. As the filler content is 
increased 9 a sharper peak is formed at the maximum stability^the’ 
lowest filler content showing less influence as the binder content 
increased This is mainly attributed to the high viscous resis­
tance established by the combination of the filler with the bitumen 
and the favourable particle interaction of the aggregate framework. 
So higher filler content produces higher viscous resistance. The 
four stability curves plotted in Figure 30 show that the effect of 
filler content is especially pronounced at low values of binder 
content, where the explanation for this finding could be the reduc­
tion in interaction resistance of the aggregate as the binder con­
tent is increased together with a decrease in the visdous resistance 
as the film thickness increases.
The value of the optimum binder content for maximum stability is 
1% lower for the mix containing the highest filler content, in 
comparison with the mixes with lower filler. This is in agreement 
with the effect of filler content on the optimum binder content for 
maximum density.
The stability values at the optimum binder content are greatly 
influenced by filler content. Increasing the filler content from 
0% to 3% increases the stability by 400 lb., while between 3% and 7% 
filler content the stability is increased by 800 lb.; but from 7% 
to 9% filler content the stability is increased by only 300 lb.
These increases in stability are not linear but suggest that the 
stability increases with filler content until an optimum value is
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reached which gives maximum stability, any further increases in 
filler being likely to decrease the stability. The values sug­
gest that the 9% filler content is very close to the optimum 
value for maximum stability and this agrees with the interpret­
ation of the density results. However, this filler content
only applied to the particular aggregate used.
C. Figure 31 shows the effect of filler content on the flow values 
at a binder content between 4% and 7%.
The figure is drawn to a large scale to show the effect. The 
values in general show that higher stability values are accom­
panied by higher flow values at a given binder content. However, 
the flow values for the mixes of 3% to 9% filler content do not 
show consistent differences, although each result shown in this 
figure is the average of testson 6 to 8 specimens. But comparing 
the values for 0% filler with those for 9% filler, a major change 
in the flow value is apparent; flow is increasing with increase 
in binder content.
D . Figure 32 shows the stability/flow results obtained in this phase 
of the investigation for the four values of filler contents, and 
linefirepresenting deformation index values of 0.05 and 0.115 are 
superimposed.
The implication of this comparison is that the very high stabilities 
resulting from the use of high filler contents produces mixes that 
are unlikely to be satisfactory in practice.
E. The influences of filler/binder ratio, abbreviated (F/B), on the 
stability and on flow have been examined. Figure (41.A) shows the 
F/B ratio versus flow for mixes of 3%, 7%, and 9% filler content. 
Although the relationship is not linear, it is clear that, as the 
F/B ratio increases the flow values decrease, which means that the 
quantity of the bitumen plus filler mortar is a factor affecting the 
flow value, The effect of the F/B ratio on stability is shown in 
Figure (41.B) which indicates within the scatter of results that 
stability increases with increase in F/B ratio.
F. To examine the effect of filler content on the stability of mixes 
prepared using unwashed limestone aggregate. Figure 40 shows that 
increasing the filler content leads to an increase in stability.
101,
150
-(j
->rH
X■p
•riVi
l45
' 1 4 0 __
O ' - 9% Filler.
7% .*Fi 11 er
A - 6% Filler
■ D 3% Filler
096. . Filler
- t è 7Binder Content %
F ig »  3 3 . D e n s i ty /B in d e r  C o n te n t f o r  washed L im e s to n e  A g g re g a te s .
102
The relationship may be expressed as follows :
S = 200p + 3200u •
where
= the stability (lb.) using unwashed aggregate 
p = the percentage of filler in the mix .
This relationship is not precise bpt it provides a basis for 
finding the effect of filler content on stability.
Phase 2 ; The role of filler content in mixes prepared with washed 
limestone aggregate
This part of the investigation is based on examining bituminous mixes 
using washed limestone aggregate, continuously graded with 0%, 3%, 6%, 7%, 
and 9% filler content, and a range of binder content from 4-% to 7% for 
tests at 60°C.
A. The density/binder content curves for the whole range of mixes are 
shown in Figure 33. The shape of the curve in general is similar 
to that established for the unwashed aggregate.
It is remarkable that the optimum binder content values at maximum 
density for the whole range of filler content are the same. This 
is probably due to the clean textured surface of the aggregate 
resulting from removing, by washing, the adhering fine part­
icles which were partly filling the surface voids. The binder 
combined with the filler forms a cementing adhesive layer in which 
the increased filler content makes the layer more viscous, i.e. 
increasing the viscous resistance of the mix while the particle 
interaction at any percentage of filler is not greatly affected.
The density value at 9% filler content is only about 2 pcf more 
than that at 0% filler content at the optimum binder content in 
each case, but the effect is much more pronounced at low values 
of binder content.
B. Effect of stability.
The stability/binder content surves are shown in Figure 34.
The higher the filler content, the more marked is the effect
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of binder content. Thus the stability-hinder content relation­
ship for mixes containing 9% filler has a pronounced peak, but 
that for mixes without filler is relatively flat. This is 
attributed to the viscous resistance of the mix which is greatly 
affected by the filler content. Increase in the filler content 
increases the viscous resistance and thus the viscosity component 
of the stability. At a binder content of about 2% above the 
optimum the stability values for the whole range of filler contents 
are more or less the same. This is because the viscous resistance 
developed at this level of binder content is less than at the 
optimum due to the increased film thickness which decreases part­
icle interaction. So the two resistances which are the basic 
factors for the stability of a mix are at a low level, thus the 
stability is low.
For the reasons given in the discussion of the density/optimum 
binder content relationship, the optimum binder content for maximum 
stability for the five mixes used in this investigation is the same.
The stability value increases as the filler content increases in 
approximately constant ratio. Figure i+0 showing this relationship 
as a straight line passing through the experimental values . The 
relationship between the stability and the filler content is given 
in equation 3 and is as follows :
= 193p + 2020 ,
where is the stability (lb.) of the washed aggregate without 
filler and p is the percentage filler content.
Thus stability shows an approximate increment of 200 lb. for each 
1% increase in filler content at the optimum binder content.
As the flow value is a measure of the movement undergone by a 
specimen during loading, it is evident from the experimental results 
that mixes composed of more angular aggregates experience a greater 
movement in achieving their final conditions. This is due to the 
aggregate initial resistance to impact compaction during the prep­
aration of the specimen. It is also found that the flow values 
of the more angular aggregates are more tolerant to change in binder 
content, especially at higher binder content due to their high 
degree of particle interaction, and thus lesser degree of dependence 
upon the binder quantity.
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The fine aggregate fraction is evidently the major factor influen­
cing the flow properties of a bituminous mix.
Figure 35 shows the flow/binder content curves for washed lime­
stone aggregate with different percentage of filler. The flow 
values of the mixes • with’ 9% filler are apparently higher than 
those of the mixes without filler, the range of the increment 
varies between 0.03 inch at 4% binder content, to 0,11 inch at 
7% binder content for reasons given previously.
The difference in the flow values between the 6% and the 9% 
filler content mixes for the range of binder content between 4% 
and 7% is only slight for each filler content; there is an 
increase in flow as the binder content is increased. This is 
more obvious at high values of binder content, e.g. the flow value 
for the 9% mix increases by 0,115 as the binder content is 
increased from 4% to 7%, compared with an increase of 0,05 inch 
for the mixes without filler. This has been discussed earlier, 
but another factor is that the filler fines and the bitumen form a 
mortar which reduces particle interlock action, especially at high 
binder content values which allows a higher flow value.
D. The deformation index limits of 0.05 and 0.115 (flow values corres­
ponding to 10001b, stability) are superimposed on Figure 36 in which, 
stability and flow values are plotted for the five percentages of 
filler content investigated.
Examining the figure in the light of the above deformation index 
limits 3 many mixes fall outside the suggested limits. This would 
exclude a number of mixes that satisfy the specified values of the 
stability, flow and air voids for airfield pavements. It has been 
suggested earlier in the thesis that a lower limit of 0.035 merits 
correlation, and the results presented on Figure 36 support this view
Phase 3 ; Comparison of mixes prepared with washed and with unwashed 
limestone aggregate
The work reported in this chapter was undertaken because it was 
believed that additional imestone dust existed in an adherent form with 
dry-sieved aggregate. This is quite apart from any additional dust which 
may be produced by abrasion or breakdown during mixing or during compaction,
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It is thought that the filler effect is reflected in the mechaiiical 
properties of the limestone aggregate mixes and is at least in part, 
responsjblefor their favourable properties, in comparison with 
granite mixes.
Thus this chapter of the investigation dealt with examining the 
influence of filler content on the thoroughly washed single sized 
aggregate, it being assumed that no more fine particles are adher­
ing to the other sizes of aggregate, so that the aggregate in this 
condition is regarded as having 0% filler content. Mixes prepared 
with various percentages of filler added to washed aggregates are 
then compared with mixes prepared with dry sieve , but unwashed lime­
stone aggregatestaking the Marshall test as a criterion for the 
comparison. It was hoped that this would allow the effective filler 
content of unwashed aggregate to be estimated.
A . A comparison of density/binder content for the washed and the 
unwashed aggregate is given in Figure 37.
1 . The curves show that the unwashed aggregate is more influ­
enced by binder content especially at higher filler 
contents. This is due to the high viscous resistance 
provided by the unwashed aggregate, since the effective 
filler content (i.e. adhering dust plus added filler) is 
higher than that of the washed aggregate. The adhering 
dust is equivalent to^filler content of about 2% as shown 
later in the discussion.
2. The form of the density/binder content relationships are 
approximately similar for both washed and unwashed aggre­
gate, in terms of the increase in density at the same 
filler content and at the optimum binder content. As 
for the density values at binder contents other than the 
optimum, it varies,as erratic differences are apparent
at low binder content but closely similar values are 
obtained at a binder content of 7%, and the reason for 
this is given elsewhere in this chapter.
3. The optimum binder content for maximum density using 
washed aggregate is some 1% more than that with unwashed 
aggregate. This is attributed to the clean surface of . 
the washed aggregate which allows a higher binder content
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to be carried. Although it might have been expected that 
the dust in the unwashed aggregates would have created an 
extra demand for binder, it appears that the value of the 
optimum binder content is insensitive to filler content.
B. Figure 39 shows the stability values plotted against binder content
1. The optimum binder content of the washed aggregate mixes
is some 1% more than that of the unwashed aggregate mixes isand this/^ consistent with the findings discussed in A 
above.
2. The stability values using washed aggregate suggest 
that their effective filler content is some 2a% less 
than the unwashed mixes. Thus the stability values of 
the unwashed aggregate at the optimum binder content and
for the same amount of filler are some 250 lb. more than
the corresponding value when washed aggregate is used.
Figure 40 shows stability plotted against mix filler 
content and suggestsan approximate relationship as 
follows :
S = S +250u w
where
= stability value of the unwashed aggregate (lb.)
= stability value of the washed aggregate (lb.) .
C. 1. A comparison of the flow values plotted in Figure 38 may
be briefly expressed as follows:
F = F + 0.025u • w
where
F^ = flow value of the unwashed aggregate (inch)
F^ = flow value of the washed aggregate (inch)
This equation is an average value for binder contents bet­
ween 4% and 7% mixes, e.g. the flow value for the unwashed 
aggregate with 9% filler is 0,13 inch, while that of the 
washed aggregate mixes at the same binder and filler con-
116.
tent is 0.105. This difference is related to the marked 
influence of the mortar formed by the filler plus binder 
in the unwashed aggregate which provides, at the same 
added filler content and the same binder content, a more 
viscous mortel r as a result of the additional dust contained 
in the unwashed aggregate. This decreases the contribu­
tion of particle interlock to resist the applied load.
2. The flow values marginally suggest that the unwashed aggre­
gate mixes are more influenced by binder content than are 
the washed aggregate mixes . This is especially so at 
high binder contentsand is due to the reduced particle 
interlock referred to previously.
Phase 4; The selection of a limestone aggregate mix in terms of the 
Marshall test parameters
In Figures 42 to 44, the effect of mix binder content on the stability, 
density and flow values of the viscous limestone aggregate mixes examined in 
this investigation is presented. The results, as indicated in the figures, 
apply to both continuous and gap graded mixes, a range of filler contents, 
the values of stability and flow being determined at 60°C. In addition to 
the all-limestone mixes, results are also given for mixes in which natural 
sand has been used instead of limestone fines. Details of the voids in the 
mix and aggregate voids filled with binder are not given in this section for 
reasons of clarity, but are available elsewhere in the thesis.
In terms of stability and flow, the values commonly specified for air­
field surfacings are 1800 lb. (minimum) and 0.16 inch (maximum) respectively. 
A study of Figures 42 and 44 shows that these limits could be satisfied at a 
binder content of some 5% even when natural sand is used in place of lime­
stones fines. It remains 5 however, to ensure that the voids requirements 
are satisfied.
In Figure 45, the stability and flow values are plotted and compared 
with the deformation index range of 0.05 to 0.115 suggested by Hopkins 
It appears that a substantial proportion of the mixes are acceptable on this 
basis and the proportion would be increased if account were taken of the non­
standard interpretation of flow followed in this thesis.
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Also superimposed, on Figure 45 are lines showing the lower limit of 
stability (1800 lb.) and the upper limit of flow (0.16 inch), referred to 
above. If these requirements and the deformation index limits are applied 
simultaneously, only mixes falling within the cross-hatched area would merit 
consideration. This approach limits the choice to one of two mixes having 
7% filler with limestone coarse and natural sand aggregates, and to an all­
limestone mix with 3% filler.
More comprehensive data are required in order to develop this approach 
but it is thought to merit consideration.
CONCLUSIONS
Increasing the filler content of a limestone aggregate mix, continuously 
graded and tested at 60°C, has the following effects
1. The density, stability, and the flow of the mix 
increase for both washed and unwashed aggregates.
2. As the filler content is increased from 3% to 9% the
optimum binder content for the maximum density and alsoWithfor maximum stability/^unwashed limestone aggregate, 
decreases by 1%.
3. No change in the optimum binder content for maximum 
stability or for maximum density was recorded for the 
washed limestone aggregates, as the filler content was 
increased from 0% to 9%.
4. For the washed limestone aggregates the optimum binder 
content for maximum density and for maximum stability 
is some 1% higher than that of the unwashed aggregates.
5. The stability value at the optimum binder content for 
unwashed limestone aggregate is 250 lb. greater than , 
the corresponding stability for the washed aggregate.
6. The flow value for unwashed aggregate is approximately 
equal to the flow value for the washed aggregate plus 
0 .025 inch.
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7. At a given filler content the flow value decreases as 
the filler/binder ratio increases, and at a given binder 
content the flow value increases as the filler/binder 
ratio increases.
8. At the optimum binder content the stability value 
increases as the filler/binder ratio increases.
9. The deformation index values proposed by Hopkins exclude 
some mixes that appeared satisfactory.
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Chapter ,8j ' '
DISCUSSION OF EXPERIMENTAL RESULTS 
The Unconfined Compressive Strength Test
Phase 1
Effect of density
The study involved a series of tests using continuously graded 
gravel aggregate mixes prepared in 4 inch by 2 inch diameter moulds 
and tested at 60°C at a str.ain rate of 2 inches per minute in the 
Marshall frame.
The specimens were compacted to densities of from 8? to 100 per 
cent of the density achieved in the corresponding Marshall specimens 
and the test results are presented in Tables 4o 4-0 and in Figures 
4^ 1 and discussed below.
a. Figure 46 shows unconfined compressive strength plotted against 
binder content for the full_range of specimens tested at various 
values of density and at binder contents of from 4 to 7 per cent.
At low densities, the strength is relatively insensitive to binder 
content but, with increase in density, the curvature of the re­
lationship becomes more pronounced. Thus, for example, at a 
density level of 90% of the Marshall density, increasing the binder 
content from 4 to 6 per cent only increases the strength from 14 
to16 psi but, at 100% Marshall density, the corresponding increase! 
in strength is from 52 to 66 psi. This is attributed to the 
tighter packing and improved interlocking of the aggregate frame­
work at higher densities.
b. Figure 46 also^shows that the optimum binder content for maximum 
strength is influenced by the density level of the specimens. As 
the density is increased from the 93% value, the optimum binder 
content is increased by 1%, due to the air voids being progressively 
filled with bitumen so as to produce lower voids in the compacted 
mix, which combines with the improvement in the aggregate frame­
work to produce higher strengths.
c. In figure 49 the individual values of density and of strength are 
plotted as percentages of the maximum values attained. It is 
significant to note that a 4% reduction in density (from 100% to 
9,6% of the Marshall value) causes a 50% reduction in the unconfined 
compressive strength, and a further reduction in density to the 93%
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level results in a decrease of 65% in strength. These results 
emphasise the importance of thorough compaction on the strength 
of bituminous material. This is quite independent of any harmful 
effects that might follow from weathering at the lower density.
In Figures 48 and 49, the curves are drawn through the four values 
of binder content examined and plotted to give an indication rather 
than a precise relationship of the interdependence of the two sets 
of data.
d. The effect of density on the deformation of specimens at maximum load 
is shown in Figures 47 and 52. Decreasing the density from 100% to 
96%, reduces the deformation to 65%, whereas increasing the binder 
content from 4 to 7% does not significantly affect the deformation 
at failure. These findings are not judged to be significant 
because a change in density affects both the stiffness of the 
material and its strength. Therefore, measurement of strain in 
, the material, rather than the measurement of thé overall deformation, 
would be required in order tq obtaih meaningful data.
Phase 3
Effect of type of aggregate
Three types of aggregate (limestone, granite and gravel) were examined 
and 4 inch by 2 inch diameter specimens were prepared over a range of 
binder content of 4 to 7% using a continuous grading for test at two 
temperatures (60°C and 45°C) and at two rates of strain (2 inches/minute 
and 0 .0 5 inches/minute). The experimental results are presented in 
Tables 22 to 32 and are shown plotted in Figures 52 to 64 
Figure 51 shows unconfined compressi^ strength plotted against binder 
content for the three types of aggregate used, tested at 2 inches/minute, 
at both 60°C and 45°C.
a. The results show that the highest strengths%are obtained with
limestone, followed by granite and finally by gravel. The partie- 
ularly high strength of the limestone mixes is attributed in part 
to the angular shape and rough texture of the particles and in 
part to the possibility that abrasion of the limestone during mixing 
is likely to generate dust which will in effect increase the filler 
content of the mix and thereby increase the strength of the mix.
The relatively low strength of the gravel mixes is consistent with 
the more rounded shape and smoother texture of this type of aggregate.
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b. The granite aggregate requires, for maximum strength, a binder 
content some 1% in excess of that required by the limestone.
With granite, crushing during compaction is perhaps less likely
so that more binder is required to fill the voids in the aggregate 
framework.
c. The relationship between unconfined compressive strength and binder 
content for the limestone mixes is particularly interesting, the 
strength being greatly dependent on binder content. A sinrilar 
behaviour is shown by the granite aggregate, thereby suggesting 
that it may be attributed to the favourable interlocking nature
of the coarse and fine aggregate partieleSat high values of 
density. It is also significant that, after the optimum value 
is exceeded, the strengths are still in excess of those of the 
gravel mixes.
d. l»The tests would be expected,due to the greater viscosity of the
binder at the lower temperature of 45°C to produce higher values of 
strength than test at 60°C.
iPigures 6^ and 58 show values obtained at 45°C compared with values 
at 60°C and suggest*.the following relationshipsî-
U 45°C = 1*72 U 60°C ..... at 0.05 in/min.
U 45°C = 1 .6 5 U 6jO°C ..... at 2 in/min.
These two equations show a similar effect of viscosity at the two 
rates of testing strain and the relationships apply to the three 
aggregates examined although the error is slightly greater at the 
low strength of the gravel mixes. Figures 56 and 58 could be used 
as a rough guide to the effect of testing temperature, but as the 
values really apply only for the same aggregates and experimental 
conditions, they are not precise enough for design purposes.
2.There is no conspicuous change in the magnitude of the optimum 
binder content by changing the testing temperature from 60°C to 
45°C, even though tests were undertaken at 2 in/minute and 0.05 
in/minute rate of strain. This suggests that the influence of 
viscosity on the optimum binder content is independent of the type 
of aggregate used and of the testing strain, because the higher 
viscous resistance produced by the temperature change is greater 
than the effect produced by the other variables considered.
1.Figures 50 and 53 show deformation plotted against binder content 
for
45°c.
 the three types of aggregate used with tests at 60°C and at
135
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From Figure 50? the limestone mixes show lower deformation than do
the granite and the gravel mixes, the granite and the gravel values
being approximately the same. If a comparison is made of the
7. . . 1hos0mechanical properties of the mixes produced with^two aggregates,
it is found that the granite provides higher density and a higher
compressive strength which implies greater resistance to deformation.
The values of deformation at binder contents from 4% to 7% are
essentially constant, but the significance of these results as a
prediction of field deformation has been questioned earlier in the
thesis.
2. Changing the test temperature from 60°C to 45°C did not lead to any 
marked variation in deformation.I
f. Figure 54^presents the results obtained at a strain rate of 
0.05 in/minute for the three types of aggregate used with tests 
at 60°C and at 45°C corresponding results for tests at 2 in/minute 
being given in Figure 51» It may be seen that the results at
0.05 in/minute are lower than these at 2 in/minute and Figure 57 
provides a comparison in the form of the following equation:-
U (2 in/min.) = 2.5 U (0.05 in/min.)
This relationship is intended to provide an approximate indication 
only, in view of the scatter in the results, but the effect of 
strain rate is clearly important. The maximum values of the 
unconfined compressive strength at 60°C for the three types of 
aggregate, at 0 .0 5 in/minute strain rate, are 99? 78 and 29 psi 
for the limestone, the granite, and the gravel respectively, while 
the values for the same aggregates at 2 in/minute are 2 3 0, 192 and 
66 psi. This quantitative example shows that the mean difference 
is around 2.5 as given in the equation above.
g. From Figure 54, another significant point is that the optimum 
binder content for each of the three aggregates is increased by 
some 1% compared with the results at 2 in/minute strain rate.
This is attributed to the greater emphasis on the contribution 
of the viscous resistance at the slower strain rate.
h. Analysing each individual unconfined compressive strength curve 
(ie. for the limestone, granite and gravel aggregate) it is found 
that the unconfined compressive strength values developed with the 
crushed rock aggregates at 0 .0 5 in/minute strain rate are about 50% 
of the values at 2 in/minute and for the gravel the values are 
marginally lower.
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i„ The maximum load and deformation values for each of the three types 
of aggregate are shown plotted in Figure 55? for 2 in./minute strain 
rate and 45°C testing temperature and with binder contents from 
4% to 7%» The modulus of elasticity (E) has been calculated, within 
the elastic limit and the values are given in table 42, for each 
type of aggregate used, at the two testing strains of 2 in./minute 
and 0.05 in./minute, at 60°C and 4-5°C, and for each percentage of 
binder content. The results show that the linistone mixes have the 
highest value and the gravel mixes the lowest value. Thus the
”E^ ’ value of the three types of aggregate is broadly consistent with 
their compressive strength.
Figure 64 shows the values of•”E” plotted against the corresponding 
unconfined compressive strength values of the three types of aggregate. 
For the limestone aggregate, the results show that:
E = 66 U ..... (l) 
and for the granite and the gravel aggregates:
E = 50 U ..... ,(2)
This indicates, that different types of aggregate, of different '*E’^ 
value, exhibit a similar effect in the bituminous mix. It is 
emphasised, however, that the "E" is calculated by assuming that 
the overall deformation can be used to calculate strain, so that 
the values given are indicative rather than precise. The effect 
of density on ’’E*’ value is illustrated in Figure 6 5»
Also in Figure 65 values of measured cohesion (referred to later
in the thesis) , are given and lead to the following relationships :-
E = 300 C ..... for limestone.
E = 225 C ..... for gravel,
where is the measured cohesion in (psi) from the triaxial test
which is undertaken in this thesis. Granite aggregate was not 
included in these tests.
Phase 3
Correlation of calculated and measured unconfined compressive strength.
1. Many empirical equations for the derivation of the unconfined
139,
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compressive strength have been suggested and are detailed in Table 4l,  ^
The calculated and the measured values of the unconfined compressive 
strength together with the correlation ratios are also given in the 
table.
a- To discuss the suggestion that the unconfined compressive strength 
may be calculated from the Marshall stability, using the equation:- 
U = S/10
-W Figure 59 shows values of unconfined compressive strength plotted
against the corresponding Marshall stability/lO. It may be seen that 
there are a series of curves for each type of aggregate used, and 
a major curve joining the peak values (ie. at the optimum binder 
content for S). The curve does not show any precise mathematical 
relationship that could be relied upon due to the large scatter in 
results. But correlating the results for each individual aggregate, 
as shown on Figures 6o, 6 2, 6 3, the relationship is satisfactory for 
limestone, but not for the other two aggregates.
b. The correlation values were mainly based on a computer analysis of 
the calculated values of the mechanical properties of the. mixes.
The equation (NO. 4) stated on Table 4l, shows this approach and 
the correlation ratio lines are drawn on the corresponding figures. 
The results show that the correlation ratio lines for all three 
aggregates are closer to unity than either Goetz or Mcleod's 
proposals.
c. Equation (NO. 3 ) is suggested as an empirical but convenient guide. 
The correlation ratio lines are, more or less, of the same order 
as for equation (NO. 4).
2. Other correlation ratio curves are drawn in Figure 6l for the 
measured unconfined compressive .strength values, tested at 60°C and 
45°C, and at 2 in./minute and 0.05 in./minute testing rates, for each 
of the three types of aggregates used in this test. Correlating the
0 .0 5  in,/minute to the 2 in./minute strain rate values the gravel 
aggregate mixes have a ratio slightly less than that for the limestone 
and the granite mixes.
3 . It is emphasised that the equations and the correlation ratios give 
a rough prediction of the unconfined compressive strength values only 
and are not necessarily suitable for design purposes. This is because 
each equation applies to the type of particular materials and tqsting 
techniques used.
>3
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CONCLUSIONS
1. From a study of the effect of degree of compaction on the unconfined
compressive strength of mixes prepared with gravel aggregate, it
was found that :
a. The strength was greatly dependent upon the density attained, 
a 4% reduction in density (from 100% to 96% of the Marshall 
value) causing a 50% reduction in strength. A further reduction 
of 3% (to 93% Marshall) led to a total reduction in strength
of 65%.
b. Changes in density did not greatly influence deformation at 
failure, but the significance of deformation as a parameter 
is questioned.
c. The optimum B.C. ' for maximum strength increased with 
increase in density.
d. Mix binder content showed a greater effect on strength with 
increase in density ie. the peak of the curves became more 
pronounced.
2. From the main series of tests covering a number of variables, it
was found theit:
a. The use of crushed aggregate led to higher strengths than did 
gravel aggregate, the strengths being especially high with 
limestone aggregate.
b. The crushed rock mixes were more dependent upon the binder 
content of the mix.
c. In general, the optimum binder content for unconfined compressive 
strength was some 1% in excess of the value for maximum 
Marshall stability.
d. For the two rates- of strain (2 in/min. and O.O5 in/min.) and
for the two testing temperatures (60°C and 45°C), the increased
viscosity led to increased strength but without greatly influ­
encing the optimum binder content.
e. In these tests also, the measurement of deformation at failure
did not provide meaningful data. It is suggested that the
deformation at a predetermined level of strength is likely to 
be of greater value.
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f. Increasing testing strain from O.O5 in/min. to 2 in/min, 
caused the foilowing
i. The unconfined compressive strength value increased 
to double.
ii. The unconfined compressive strength curve shows more 
influence by each percentage binder content.
iii. The optimum binder content corresponding to the maximum 
unconfined compressive strength increased by 1%.
3 . A comparison of the measured values of strength with calculated 
values showed that:
a. The modulus of elasticity increases with increase in unconfined 
compressive strength, with density, with cohesion and with the 
viscosity of the mix.
b. Although unconfined compressive strength increased with increase 
in the Marshall value of similar mixes, no single relationship 
could be found that interpreted all the results obtained. This 
limitation applied also to the commonly used ratio of S/lO.
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Chapter 9
DISCUSSION OF EXPERIMENTAL RESULTS 
TRIAXIAL COMPRESSION TEST
The experimental results discussed in this chapter were obtained 
from an open system triaxial compression test, carried out on mixes 
prepared with limestone and with gravel aggregates, to a continuous 
grading, tested at 45°C and with lateral pressures of 0, 10, 20 and 
30 psio The test results are given in Table 43, and drawn on Figures 
66 to 8 0o
a) Figure 66 shows triaxial stability (V-L) plotted against binder 
content for the gravel aggregate for the range of lateral pressures 
used, where V and L are the direct axial stress applied (psi) and the 
lateral pressure (psi) respectively»
It is clear that, at the same binder content, increase in lateral 
pressure provides higher triaxial stability, but the increase is not 
constant compared to the regular increment in the lateral pressures and
it changes with binder content» Figure 66 illustrates this effect and
especially the behaviour at high values of binder content.
b) Increasing the binder content from 4% to 7%, the (V-L) value rises
to an optimum value then decreases, the optimum binder content varying 
atwith later^pressure» Figure 66 shows that the optimum binder content 
decreased by 1% as the lateral pressure increased more than 10 psi, due 
to the three dimensional stress which decreased the voids in the total 
mix, thus less bitumen is needed to develop better viscous resistance 
and particle interlock»
c) Figure 6? in which (V-L) in plotted against binder content for 
lateral pressures from O to 30 psi for the limestone aggregate, shows 
that the binder content at each individual lateral pressure has a 
greater effect on the triaxial stability of the mixes, due to the 
angular shape and rough texture of this aggregate compared to the more 
rounded and smooth gravel aggregate» This effect is similar to that 
found in the Marshall stability tests and the unconfined compressive 
strength tests» <_
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For the same reason,the (V=L) values of the limestone is much higher 
than that of the gravel aggregate at any level of lateral pressure,
e.g. at L = 30 psi, (V«L) for limestone is psi, while that for
the gravel is 190 psi (at 6% binder content), which gives the limestone 
about 2.5 times the strength of the gravel mixes. At L = 0 and 5%
binder content, the (V-L) value of the limestone is about four times 
that of the gravel.
d) Figures 68 to 75 show the envelopes to the Mohr circles dra^ vn for 
the limestone and the gravel aggregates at 4% to 7% binder content and 
lateral pressures of 0 to 30 psi, for the values of (V-L) stated on 
Table 43. For this close range of lateral pressure it was found that a 
curved envelope applies. The intersection of the envelope with the Y-axis 
gives the shearing resistance (cohesion of the mix in psi) and the slope 
gives the angle of internal friction 0 the mix in degrees. The magnitudes 
of C and 0 for the test undertaken are included in Table 43.
e) Figures ', 79 and 80 show the curves of cohesion and angle of 
internal friction of the limestone and gravel aggregates at different 
binder contents. From Figure 77 the 0 value for the limestone is higher 
than that of the gravel and the value of 0 is between 40 and 46 degrees 
for the limestone and between 30 and 34 degrees for the gravel.
Goetz line for his equation:
0 = 59"7 “ 0 .9 4 2 F, where (F) is the Marshall test flow in inches,
is superimposed on Figure 77- This line does not fit the values obtained 
with gravel aggregate but is in agreement with the limestone results. The 
figure shows a simûlarerelationship to that suggested by Goetz ~ 0 
decreasing as flow increases i.e. 0 increases as the binder content 
decreases in a particular mix, but the quantitative value is different.
f) Figure 79 illustrates that the cohesion of the limestone increases 
as the binder content increases until an optimum value is reached where 
after the cohesion starts to decrease with further increase in binder 
content. Figure 00 indicates the same behaviour for the gravel mixes.
g) The optimum binder content of the two aggregates for maximum 
cohesion are the same values that provide the highest density and the 
highest compressive strength. This means that the lowest air voids 
provided at the optimum density, accompanied by improved tight packing 
of the bitumenised aggregates is the major factor in achieving the 
highest shearing resistance of a mix, and the best selective viscosity, 
where increasing that optimum binder content means a shear failure.
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B u t th e  e f f e c t  o f  a g g r e g a te  ty p e  r e l a t e d  t q  th e  r e q u ir e d  b itu m e n  c o n te n t
f o r  h ig h e s t  c o h e s iv e  fo r c e s  g iv e s  th e  g r a v e l  a g g re g a te  1% b in d e r  c o n te n t
m ore th a n  th e  lim e s to n e  a t  th e  optim um  b in d e r  c o n t e n t .
h )  F o r  th e  same re a s o n s  g iv e n  f o r  th e  shape o f  th e  ( V - L ) ,  u n c o n fin e d  
c o m p re s s iv e  s t r e n g th  and s t a b i l i t y  c u rv e s  o f  th e  l im e s to n e  and th e  
g r a v e l  a g g r e g a te s .  F ig u r e s  79 and 80  show th e  same shape f o r  th e  
c o h e s io n  b in d e r  c o n te n t  c u r v e s , i e .  concave  f o r  th e  l im e s to n e
and r e l a t i v e l y  f l a t  f o r  th e  g r a v e l .
The  h ig h e r  a i r  v o id s  i n  th e  g r a v e l  m ix  s k e le to n  demands m ore b itu m e n
t o  d e c re a s e  th e  a i r  v o id s  com bined w i t h  th e  e f f e c t  o f  th e  ro u n d ed  
cooked a g g r e g a te , t o  p r o v id e  th e  r e q u ir e d  optim um  s h e a r  r e s is t a n c e  
,o f  th e  m ix  t o  th e  a p p l ie d  s t r e s s .  So as th e  s t r e s s  d e v e lo p e s  and  
in c r e a s e s ,  th e  la c k  o f  m arked  i n t e r l o c k  f o r  t h i s  ty p e  o f  a g g re g a te  
c a u s e s  a  w e a k e n in g  f a c t o r  f o r  th e  d e v e lo p m e n t o f  m ix  s h e a r in g  r e s is ta n c e . .  
T h u s , in c r e a s in g  th e  b in d e r  c o n te n t  fro m  4% t o  7% does n o t  a f f e c t  t h a t  
r e s i s t a n c e ,  b u t  in c r e a s e s  th e  v is c o u s  f i l m  th ic k n e s s  s u r ro u n d in g  th e  
a g g r e g a te  p a r t i c l e s  w h ic h  d e fo rm  g r a d u a l ly .  T h is  shows th e  p ro n o u n ced  
e f f e c t  o f  th e  a g g r e g a te  sh ape  and t e x t u r e  on th e  c o h e s io n  o f  a m ix ,  
w h e re  th e  lim e s to n e  a g g r e g a te  shows a  fa v o u r a b le  c o h e s io n  v a lu e  com pared  
t o  t h a t  o f  th e  g r a v e l  a g g r e g a te ,  th e  l im e s to n e  c o h e s io n  v a lu e  b e in g  
7 4  p s i  and th e  g r a v e l v a lu e  35  p s i  a t  th e  optim um  b in d e r  c o n t e n t .
i) Correlation of the cohesion value measured in these experiments to 
that calculated from Metcalf's findingi-
C = S ( l  -  0 .0 5 5  K)
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w h e re  K = 1 + s in  0
1 -  s in  0
0 = cohesion - psi
S = Marshall stability « lb,
0  = Angle of internal friction - degree
F ig u r e  76b  show th e  c o r r e l a t i o n  a t  a  t e s t  te m p e r a tu re  o f  4 5 °C . The
value of '"S” substituted in the formula was measured from the set of
e x p e r im e n ts  m e n tio n e d  i n  c h a p te rs  6 and 7 o f  t h i s  t h e s i s .  T h is  f i g u r e
shows t h a t  n e i t h e r  a g g r e g a te  a p p ro a c h e s  th e  1 .0  c o r r e l a t i o n  r a t i o  l i n e ,are
and th e  r e l a t i v e  v a lu e s  f o r  each  p a r t i c u l a r  a g g re g a te ^ n o t p a r a l l e l  a t  
d i f f e r e n t  b in d e r  c o n t e n t s .  T he v a lu e s  a r e  n e a r  th e  1 .5  c o r r e l a t i o n  
r a t i o  l i n e .
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j) Figure 76a shows the correlation ratios for the 0 values measured 
in this test compared with values calculated from Goetz equation
0 = 5 9 .7 - 0 .9 4 2 F
where: 0 = Angle of internal friction - degrees
F s= Flow in the Marshall test in inches.
The figure shows close correlation of the formula to the limestone 
aggregate results, the correlation ratio line being almost 1.0 , but 
the gravel mixes do not compare well. This suggests that the Goetz
formula does not give precise values of the angle of internal friction
for all types of aggregates, although it must be pointed out that the 
type of gravel used in this investigation is not commonly used in asphalt 
mixes and was chosenbecause it was likely to produce only modest values 
of stability.
CONCLUSION
1. The triaxial stability of a mix increases as the lateral pressure 
is increased.
2. The triaxial stability is a function of the binder content, 
increasing as the binder content is increased until it approaches 
an optimum value, further increase in binder content decreasing 
the stability.
3. The type of aggregate affects the triaxial stability, the lime­
stone aggregate producing higher stability than did the gravel 
aggregate.
4. Increasing the lateral pressure decreased the optimum binder 
content.
b.
1. The Mohr envelope of the bituminous mixes tested is a curved 
line for the limited range of lateral pressures examined.
2. The cohesion increased with increase in mix binder content until 
the optimum, where after the cohesion decreased with increase
in binder content.
3. The optimum binder content for maximum cohesion, for both 
limestone and gravel was the same as for maximum density 
and for maximum unconfined compressive strength.
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(a) After (b) Before
Pinto 10 Specimen (a) tested in the triaxial compression test, 
compared to untested specimen (b)-
d.
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4. The use of limestone compared with gravel, resulted in higher
cohesion,of more concave shape,at a lower optimum binder content,
The angle of internal friction decreased with increase in the 
binder content.
Empirical calculation of cohesion and angle of internal friction 
did not give close correlation, although the agreement was 
favourable in the case of the internal friction of the limestone 
aggregate.
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CHAPTER 10
GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR 
FURTHER WORK
10-A. CONCLUSIONS
I. (a) By using an electronic trace recorder for the Marshall test it was 
found that ;
(i) The effective flow is equal to 0.85 of the total flow.
(ii) The most critical feature of the stability-flow
development is that 75% of the stability is developed 
at 50% of the flow value.
Thus in practice the application of particularly heavy wheel 
loads is likely to lead to serious deformation.
(iii) The angle (a) of the slope of the stability/flow curves 
is given by the expression
gtana = K ■=•r"
where ;
K = a constant depending on the character 
of the curve
S = stability - lb.
F = Flow - in.
This angle could be used in practice as a criterion for the 
selection of mixes and may be related to values of deformation 
index.
(b) The use of gap graded aggregate instead of continuously graded 
aggregate provides lower density, higher air voids, higher flow 
values, but no significant change in stability, and the optimum 
binder content is some 1% more. Limestone aggregate mixes show 
this effect most clearly.
(c) Replacing the sand of a crushed aggregate with natural sand 
causes a marked change in the stability and density values, and 
a slight change in the flow value.
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(d) The use of crushed aggregate with a rigid framework of stone 
particles leads to higher air voids than is the case with a 
less rigid crushed rock or with natural gravel aggregate.
(e) At a testing temperature of 45°C, the values of the optimum 
binder content is not significantly changed, but the stability 
is greatly increased and the flow is slightly decreased.
This finding applies to the full range of aggregate combin­
ations used in this study,
II. (a) Increasing the filler content of a mix increases the stability,
the flow and the density, with a decrease in the optimum 
binder content at higher filler content mixes, when using dry- 
sieved limestone aggregate. With washed limestone aggregate, 
the same influence of filler content on the mechanical prop­
erties of the mix was recorded, but without any detectable 
change in the optimum binder content.
(b) The stability and the flow values of the dry-sieved aggregate
at the same added filler content are 250 lb. and 0.025 inch
fo rrespectively, more than^the washed aggregate mix, indicating 
that some 2% of dust remained on the aggregates during dry- 
sieving .
(c) It was found that the filler/binder ratio influences the 
values of stability and flow of a mix.
III. (a) The unconfined compressive strength (U.C.S.) is greatly
affected by the density of the mix, a 50% reduction of the 
strength occurring at 96% of the maximum density. No 
significant change was recorded in the strain value at that 
level of stress or in the optimum binder content corresponding 
to maximum strength at any density.
(b) Increasing the rate of testing strain led to an increase in 
strength and an increase in the value of the optimum binder 
content. The strength was also increased by testing at 
lower temperatures, but the optimum binder content was not 
affected.
(c) No meaningful data has been obtained by the measurement of 
deformation at failure in the tests referred to in (a) and
(b-) above.
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(d) No reliable empirical formula could be found to correlate 
calculated and measured values of the U.C.S.. It is thought 
that each individual type of aggregate, mix and test 
environment imposes conditions whereby no common equation 
could be applied.
It is suggested, therefore, that the accepted relationship:
U.C.S. = S/10
is an over-simplification, and requires further study.
IV. (a) The triaxial stability increases with increase in the lateral
pressure and was accompanied by a decrease in the optimum 
binder content.
(b) The Mohr envelope for bituminous mixes tested at low lateral 
pressures was found to be curved.
(c) The optimum binder content for maximum cohesion is the same as 
that for maximum U.C.S. and for maximum density, and some 1% 
less than for maximum Marshall stability, for mixes tested at 
the same testing temperature and the same rate of strain.
The calculated value of cohesion, however, did not agree with 
the measured values .
(d) The angle of internal friction increases as the mix binder con­
tent and the Marshall flow value decreases. Goetz’ equation 
for the calculation of the angle of the internal friction gave 
satisfactory values for the limestone aggregate mixes continuously 
graded and tested at 45°C, but not for the natural gravel aggre­
gate mixes.
(e) The triaxial compressive strength was not found to be equal to 
the Marshall stability at 10 psi lateral pressure and no con­
stant value could be obtained from the limited experimental 
results obtained.
V. (a) The type of aggregate has a marked effect on the mechanical
properties of bituminous mixes. For the crushed aggregate 
mixes, the values of density, Marshall stability and flow, 
unconfined compressive strength, triaxial stability, cohesion 
and the angle of internal friction, are higher than when 
natural gravel aggregate is used.
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(b) The mix binder content was found to have a significant effect 
on the mechanical properties mentioned in (a).
(c) No single property could be identified as a mix design criterion, 
but it is suggested that the slope of the lead-deformation trace 
produce a possible basis. This reflects the modulus of elas­
ticity of a mix and thus endorses the "stiffness modulus" and 
"deformation index" approaches recommended by certain authorities< 
It was found that the modulus increases with increase in density, 
unconfined compressive strength, Marshall stability, and cohesion, 
and is thus a major parameter in mix selection.
(d) Thus the Marshall test may be regarded as suitable for the designaof^bituminous mix, provided that the test parameters are corre­
lated to the results of other mechanical tests,
The unconfined compressive strength test does not provide signifi­
cant data for design purposes but it might be useful as a research 
test only.
The triaxial compressive strength test has the advantage of taking 
the stress state in the field into consideration. But the lengthy 
test procedure and analysis of the experimental results is a dis­
advantage and highway engineers therefore favour the Marshall 
test.
10-B. RECOMMENDATIONS FOR FURTHER WORK
The experimental work, the literature review and the preparation of the 
thesis have prompted certain suggestions regarding the need for further work, 
as follows ;-
1. The work reported provides some evidence regarding the major
effect of aggregate type on the Marshall properties of mixes.
More detailed work is required, however, and especially to 
examine the part played by the fine aggregate.
2. It is thought that the Marshall test, although ad hoc, pro­
vides a reasonable basis for examining the effect of test 
temperature on the properties of bituminous materials, This ,
is necessary in order that, in pavement design, suitable 
mixes may be selected to suit local environmental conditions .
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This programme could usefully cover American practice 
(i.e. continuous grading) and British practice (but with 
a much more pronounced grading gap than used in the 
investigation reported, possibly using a typical""asphalt" 
sand).
3. The recommended programme of work on Marshall test, intended 
for field use, needs to be accompanied by corresponding 
tests for research purposes. This implies carrying out
unconfined compression tests in (1) and (2) above.
4. But for research purposes, the most meaningful approach is 
by carrying out triaxial tests and it is strongly recom­
mended that considerable emphasis be placed on developing 
this test. The merits of using ’open* and ’closed’ systems, 
however, require careful assessment.
The triaxial test is likely to provide fundamental inform­
ation regarding the behaviour of bituminous materials. It 
is also likely to provide an understanding of the Marshall 
test and this is essential if the Marshall is to be used 
with confidence in practice.
5. Items (1) to (4) relate to laboratory studies but account 
needs to be talc en of field behaviour. The possibility of 
carrying out mechanical tests on specimens cored out from 
materials compacted by rolling is thought to merit early 
attention.
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Plate 12a
The wheeltracking machine compacting a specimen, using a roller in the 
apparatus.
Plate 12b _ ^The wheeltracking machine with the standard R.R.L. testing wheel, operating 
on the l4” X l4" x 2" specimen, and the trace recorder connected to the
mould side at the mid point of the travel.
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iHC3+3O-P
-P
10T)•HO
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Binder Content%
X - Optimum binder content point, 
y - Corresponding % of voids in the total mix to (x).
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Test property - typical curves for hot-mix design data by Hubbard Field.
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Fig. (83.c)
Testing assembly for 6 in. diameter Hubbard Field specimens.
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AIR VOIDS AND VOIDS IN BITUMINOUS MATERIAL
The provision of adequate pavement durability requires the correct 
evaluation of air voids and V.M.A. of the bituminous mixture. Unless 
the V.M.A. are large enough, the mixture will be deficient in bitumen
(1 1 7)or air voids or both , Pavements low in bitumen become brittle
and crack early in their life and subsequently, serious ravelling may 
occur under traffic. When the air voids are less than 1%, the pavement 
is likely to flush or to bleed . At present it is difficult to estimate 
the air voids accurately and consequently the minimum value normally
(5)specified is 3% . High values of air voids, on the other hand, result
in high permeability and the upper value normally recommended is
The calculation of air voids and V.M.A. in a bituminous mixture may 
vary considerably depending upon the specific gravity (S.G.) which is 
employed to determine the volume of the aggregate. There are three 
common methods of calculating the volume of the aggregate, the bulkf^^^ 
the apparent the effective specific gravity They are
illustrated in the following sketches by Martin and Wallace
V/b
vJa
Air Voids
Asphalt 
Cappilaries 
in aggregate-
Impermeable 
Portion of 
Aggregate 
B.S.G =
Wa
^ Vv 
>V.
(Va+Vc) P
Air Voids
Asphalt
Impermeable 
Portion of 
Aggregate 
A.S.G. =
Wa
(Va)P
■Mck Wa/
Air.,.,Voids,
Asphalt
a a.
Absorbed AsphaytVUnfiller cappiJ/aries
Impermeable 
Portion of 
Aggregate 
E.S.G. =
Wa
(Va+Vc-Vaa)P
(a) (b) (c)
Diagram (a) Calculated air voids employing bulk specific gravity.
(b) Calculated air voids employing apparent specific gravity.
(c) True representation of volume relations in specimen.
It is clear from these diagrams that the volumes of air voids calculated 
employing the bulk specific gravity of the aggregate is less than that 
obtained when using the apparent specific gravity. The assumption is then 
made that the specific gravity (a) represents the capillary air spaces as 
if no bitumen were absorped into them, and that in (b) represents the 
capillary air spaces were completely filled by absorption of the bitumen
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into them, while the diagram (c) shows that there is ètill some 
capillary air spaces in the aggregate which remains unfilled by 
the bitumen.
The calculation of V.M.A. (Voids in the mineral aggregate)
(8) 'is followed as stated by Martin and Wallace method in which:
The theoretical S.G. = Go 
Go P = W = W
V +V W^/GoP+Wa/GaPb a b
and Go = W
Wb/Gb+Wa/Ga
when AVb and Wa are expressed in percentage by total weight, then 
W = 100
or Go = 100_______'
Wb/Gb+Wa/Ga ..... (A)
G = Bulk S.G. = Weight of .specimen in air _____________
Weight of specimen in air - weight in water
..... (b )
Volume as percentage total 
bitumen = wb x G^
Gb   (C)
Aggregate = (lOO - Wb) x G
Ga i .....(D)
Voids 100 “ (C + D) ..... (E)
Voids - percentage
Aggregate = 100 - D ..... (F)
Filler aggregate = .... (G)
F
Total mix = 100 - 100 G 1Go .....(H)
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BinderContént■
U.C.8. at (psi) 60^0 U.C,8« at (psi) 45^0 , Correlation Ratio j Remarks
4# 52 101 1.94 Strain
62 108 1.74 2 in/min.
6^ 66 114 1.75
If 58 98 1.69
Table 34, Correlation Ratio of the U.C.8. testing at 60 C and 45 C for Thames Valley Aggregates,
BinderContent
. - ^ _____________
B.C.8, at (psi) 60°C U.C.8. at (psi) 45*0 CorrelationRatio Remarks
18 20 1.11 Strain
5f 19 25 1.21 0.05
6f 29 51 1.07 in./min.
I f 25 50 1.5,0
236.
BinderContent
.................f .
U.C.S. at (psi) 60 C U.C.8. at ] (psi) 45 0 CorrelationRatio Remaries
■ 67.5 165 2.45 Strain
5/o 104.5 210 2.02 2 in/min.
f>i« 192 275 1.45
I f 160 266 1.66
Table 35. Correlation Ratio of the U.C.S. testing at 60 C and 45 C for Momitsorrel Aggregates,
BinderContent
f
U.C.8. at (psi) 60 C U.C.8. at (psi) 45*0 CorrelationRatio Remarks
56 61 1.69 Strain
5f 46 79 1.64 0.05
ef 51 88 1.72 in./min.
If 78 128 1.64
237.
Binder i Content U.C.S, at (psi) 60"C U.C.8. at 1 (psi) 45*0 ' CorrelationRatio Remarks
^io 163 272 1.67 Strain
5f 230 402 1.75 2 in/min.
e f 217 410 1.79
I f 179 273 1 .52
Table 36. Correlation Ratio of the U.C.S. testing at 60^0 and 45 C for limestone Aggregates.
Binder Content . 0^ _
U.C.S. at (psi) 60*0 U.C.8. at (psi) 45“c CorrelationRatio Remarks
^ f 64 130 2.03 Strain
3f 811 165 2.04 0.05
&f 91 175 1.92 in./min.
I f 99 186 1.88
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